For  Reference 


NOT  TO  BE  TAKEN  FROM  THIS  ROOM 


6(x  UBBW 

nBioNuaiim 


University  of  Alberta 


Digitized  by  the  Internet  Archive 
in  2018  with  funding  from 
University  of  Alberta  Libraries 


https://archive.org/details/Pinkney1963 


I  J  ca 

1(1  S  I- 


THE  UNIVERSITY  OF  ALBERTA 

AN  INVESTIGATION  OF  THE  STRUCTURAL  ACTION 
OF  A  PONY-TRUSS  BRIDGE 

by 

ROBERT  BRUCE  PINKNEY,  B.Sc. 


A  THESIS 

SUBMITTED  TO  THE  FACULTY  OF  GRADUATE  STUDIES 
IN  PARTIAL  FULFILMENT  OF  THE  REQUIREMENTS 
FOR  THE  DEGREE  OF  MASTER  OF  SCIENCE 


DEPARTMENT  OF  CIVIL  ENGINEERING 


EDMONTON,  ALBERTA 
FEBRUARY,  1963 


ABSTRACT 


iii 


The  structural  action  of  a  pony-truss  bridge  is  exceedingly 
complex,  since  the  only  lateral  support  of  the  compression  chords  is 
provided  by  a  U-shaped  rigid  frame  at  each  panel  point,  comprising  the 
vertical  members  and  floor  beam  at  that  panel  point.  The  present 
investigation  was  undertaken  to  attempt  to  discover  some  means 
whereby  the  capacity  of  a  pony-truss  bridge  could  be  accurately 
assessed. 

The  method  of  slope-deflection  has  been  applied  by  previous 
authors  to  the  investigation  of  both  the  elastic  stability  of  the  compres¬ 
sion  chords  and  the  secondary  stresses  produced  during  displacement 
of  these  members  in  a  pony-truss  bridge.  The  analysis  developed  by 
them  has  been  presented  in  detail  in  this  report. 

A  full-scale  highway  pony-truss  bridge  was  static  load-tested  to 
collapse,  using  two  different  load  distributions.  In  the  first  test,  the 
entire  load  was  applied  to  the  center  floor  beam;  in  the  second,  the 
load  was  distributed  among  the  center  and  two  adjacent  floor  beams. 
The  collapse  loads  were  found  to  be,  respectively,  45  tons  and  65  tons 
for  the  two  tests.  The  results  of  these  tests,  in  conjunction  with  the 
slope-deflection  buckling  analysis,  suggested  that  collapse  might  be 
initiated  either  by  buckling  of  a  compression  chord,  or  by  excessive 


secondary  stresses. 
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IV 


The  slope-deflection  analysis  was  found  to  give  theoretical 
lateral  deflections  of  the  top  chords  in  fairly  good  agreement  with 
those  actually  recorded.  Thus  the  method  appears  promising  for  the 
computation  of  secondary  stresses.  Certain  aspects  of  the  analysis, 
however,  could  be  improved. 

There  is  ample  scope  for  additional  load  tests,  designed 
specifically  to  evaluate  the  accuracy  of  the  analysis. 
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CHAPTER  I 

STRUCTURAL  ACTION  OF  THE  PONY-TRUSS 

The  pony-truss  bridge  differs  from  common  through  highway 
bridges  in  that  it  lacks,  for  purposes  of  vehicle  clearance,  lateral 
bracing  in  the  plane  of  the  top,  or  compression,  chords.  Design  of  a 
compression  member  is  predicated,  of  course,  on  its  buckling  tenden¬ 
cy,  which  in  turn  is  directly  proportional  to  the  square  of  its  un¬ 
supported  length,  and  inversely  proportional  to  its  moment  of  inertia 
about  the  axis  of  buckling.  The  omission  of  lateral  bracing,  then, 
increases  the  effective  length  of  the  top  chord  several  times,  depends 
ing  on  the  number  of  panel  points,  thereby  greatly  reducing  its  resis¬ 
tance  to  buckling. 

It  is  obvious  that,  to  ensure  stability,  either  the  effective 
length  of  the  member  must  be  reduced  by  the  introduction  of  lateral 
supports,  or  its  moment  of  inertia  must  be  increased.  It  has  been 
found  more  economical  to  provide  at  least  some  measure  of  lateral 
support  rather  than  to  resort  to  inefficient  stiffening  of  the  top  chord. 
This  has  been  accomplished  through  the  use  of  a  U-shaped  rigid  frame 
(Figure  1,  1),  hereafter  referred  to  as  the  cross-frame,  consisting  of 
the  floor  beam  and  the  two  vertical  members  at  each  panel  point  of  the 
bridge.  The  cross-frame  is  designed  with  a  so-called  rigid  connection 


between  the  verticals  and  the  floor  beam. 
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The  stiffness  of  the  cross-frame,  regarded  here  as  its  capacity 
to  resist  deformation  under  a  given  lateral  load  at  the  top  of  the 
vertical,  becomes  a  decisive  factor  in  the  determination  of  the  load¬ 
carrying  capacity  of  the  bridge.  In  general,  increased  stiffness 
provides  increased  lateral  support  for  the  top  chord,  both  through  its 
resistance  to  lateral  deflection  and  its  resistance  to  torsional  deforma¬ 
tion  of  the  top  chord.  In  the  simplest  case,  where  all  of  the  floor  beams 
are  equally  loaded,  the  problem  approaches  the  more  basic  theoretical 
one  of  the  buckling  of  a  continuous  column  on  elastic  supports,  the 
cross-frame  stiffness  being  a  measure  of  the  spring  constant. 

Practically,  however,  there  are  several  complicating  factors. 

As  has  been  indicated,  differential  beam  loading,  and  hence  differen¬ 
tial  cross-frame  deformation,  causes  a  change  in  the  relative  degree 
of  support  offered  to  the  top  chord  by  each  cross-frame;  that  is  to  say, 
the  zero-lateral-load  position  of  the  top  of  a  given  vertical  member 
changes  as  the  attached  floor-beam  deflects  under  applied  load.  It  is 
entirely  possible  that  certain  loading  conditions  can  actually  cause  the 
cross-frame  to  assist  rather  than  resist  buckling  tendencies.  A 
further  effect,  due  more  to  the  action  of  the  verticals  themselves  than 
to  that  of  the  cross-frame,  involves  their  torsional  stiffness.  Since 
buckling  of  the  top  chord  is  accompanied  by  rotation  about  the  axis  of 
the  verticals,  the  greater  their  torsional  stiffness,  the  greater  their 


assistance  in  resisting  buckling. 
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In  addition  to  the  actions  of  the  cross-frame  and  verticals, 
other  web  members  in  a  similar  fashion  exert  an  influence  on  the 
behavior  of  the  top  chord,  through  their  bending  and  torsional  stiff¬ 
nesses.  Their  lower  chord  support  conditions,  however,  are  more 
difficult  to  assess,  and  they  are  not  directly  affected  by  deformation  of 
the  floor  beams. 

Another  secondary  effect  arises  from  the  fact  that,  due  to  the 
nature  of  the  connection  of  the  top  chord  to  the  web  members,  the  top 
chord  itself  is  forced  to  undergo  torsional  deformation  during  differen¬ 
tial  lateral  deflection  of  panel  points.  Thus  the  torsional  stiffness  of 
the  top  chord  can  affect  the  buckling  tendency. 

The  presence  of  axial,  or  direct  stress  in  a  member  modifies 
both  its  bending  and  torsional  stiffnesses. 

Although  there  are  other  factors,  mentioned  briefly  later,  it  is 
felt  that  the  above  are  of  greatest  significance  in  considering  the  sta¬ 
bility  of  the  pony-truss.  Their  relative  importance  is  discussed  in 
connection  with  the  analysis  to  be  described  in  this  report, 

I,  THE  PRESENT  PROBLEM 

During  the  early  part  of  this  century,  around  1920,  pony-truss 
bridges  were  being  erected  in  the  Province  of  Alberta  as  Standard 
Light  Highway  Spans  on  rural  highways.  These  bridges  were  probably 
overdesigned  with  regard  to  any  traffic  loads  that  might  at  that  time  be 
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imposed  upon  them,  but  their  ultimate  capacity  can  now  be  easily 
exceeded  by  the  loads  attained  by  modern  heavy  transport  vehicles. 

In  fact,  the  Department  of  Highways  of  the  Province  of  Alberta  has  on 
record  descriptions  of  the  collapses  of  several  such  bridges. 

The  current  interest  in  the  pony-truss  arises  from  the  fact  that 
many  of  these  old  bridges  are  still  in  service  in  Alberta.  Furthermore, 
when  old  bridges  are  replaced  by  new  ones,  the  old  are  dismantled  and 
re-erected  in  less  demanding  locations.  Thus  any  decrease  in  the  total 
number  of  pony-trusses  will  be  small  in  the  foreseeable  future. 

This  study  was  undertaken  to  try  to  provide  sufficient  informa¬ 
tion  to  enable  bridges  to  be  load-rated  more  accurately  than  previously, 
and  possibly  to  suggest  methods  of  strengthening. 

II,  THIS  REPORT 

The  first  part  of  this  report  is  concerned  with  the  theoretical 
analysis  of  a  pony-truss,  in  particular  the  pony-truss  used  in  the  test¬ 
ing  program.  The  method  of  analysis  is  described  in  detail  in  the 
following  chapter. 

The  remainder  is  devoted  to  a  description  of  the  actual  testing, 
and  the  presentation  and  discussion  of  test  results,  with  an  attempt  to 
relate  the  results  of  the  analysis  to  the  observed  behavior  and  failure 
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III.  BACKGROUND  OF  THE  ANALYSIS 

The  problem  of  the  analysis  and  design  of  a  pony-truss  bridge, 

or  the  more  basic  problem  of  the  buckling  of  a  continuous  beam-column 

on  elastic  supports,  has  for  many  years  been  the  subject  of  discussion 

and  research  by  numerous  authors.  One  of  the  more  recent  of  these 

investigators,  Edward  C.  Holt,  Jr.  ,  has  compiled  what  is  probably 

the  most  comprehensive  bibliographical  treatment  available.  His 

(1)* 

paper  ,  published  in  1952,  was  the  first  of  a  series  entitled  "The 
Stability  of  Bridge  Chords  Without  Lateral  Bracing",  sponsored  by  the 
Column  Research  Council  of  Engineering  Foundation,  the  Pennsylvania 
State  Highway  Department  and  the  U.S,  Bureau  of  Public  Roads. 

In  this  first  report.  Holt  discusses  only  the  fundamental 
problem  of  the  buckling  of  a  straight  chord  supported  at  intervals  by 
transverse  springs.  He  considers  the  theories  advanced  by  various 
previous  investigators,  categorizing  them  according  to  methods  of 
analysis  and  basic  assumptions  used.  The  different  methods  may  be 
summarized  briefly; 

1,  The  continuous  distribution  of  the  elastic  support  along  the 
chord  is  assumed,  reducing  the  problem  to  that  of  a 
continuous  beam-column  on  an  elastic  foundation. 

2.  Using  standard  methods  of  indeterminate  analysis  (e.g.  slope- 
deflection,  virtual  work,  three  moment  equation),  simultaneous, 
linear,  homogeneous  equations  may  be  set  up,  by  means  of 

^'Numbers  in  parentheses  refer  to  references  listed  in  the 
Bibliography, 
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which  the  buckling  load  can  be  determined. 

3.  A  set  of  simultaneous  equations  such  as  those  mentioned  above 
can  be  reduced,  through  certain  simplifying  assumptions,  to 

a  set  of  finite  difference  equations.  These  may  be  solved  for 
the  required  cross-frame  stiffnesses. 

4.  Energy  methods  can  be  used  to  solve  the  problem,  but  require 
the  assumption  of  a  buckled  shape  for  the  chord, 

5.  Relaxation  and  numerical  procedures  can  be  employed. 

Holt  then  analyzed  a  typical  highway  truss  at  a  given  working  load, 
according  to  the  procedures  developed  by  Bleich,  Engesser,  Timo¬ 
shenko  and  others.  The  results  were  presented  in  the  form  of  safety 
factors  against  buckling.  It  is  significant  to  note  that  only  minor 
differences  appeared  in  the  final  factors  of  safety,  the  range  of  varia¬ 
tion  being  about  five  per  cent  in  a  safety  factor  of  about  2.  2, 

The  second  report^^^  of  the  series,  also  by  Holt,  presents  an 
analytical  investigation  of  a  number  of  secondary  effects,  some  of 
which  have  already  been  discussed,  and  their  influence  on  the  computed 
safety  factor: 

1,  the  bending  and  torsional  stiffnesses  of  the  diagonals; 

2,  the  torsional  stiffness  of  the  verticals; 

3,  the  direct  stress  in  the  verticals; 

4,  the  torsional  stiffnesses  of  the  top  chord  and  end  posts; 

5,  using  the  developed  length  of  the  chord  and  end  posts; 

6,  neglecting  bending  in  the  end  posts;  and 

7,  chord  curvature,  that  is,  a  non-parallel-chorded  truss. 
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The  results  of  this  investigation  are  shown  in  Table  1.1: 


TABLE  1.  1 


Chord 

Effect 

Factor  of 

%  Error 

Type 

Neglected 

Safety 

Str. 

None 

2.  283 

Str . 

Diagonals  (1)^*' 

2.  261 

+0.  96 

Str. 

Stresses  in  Web  (2  &  3) 

2.  264 

+0.  83 

Str, 

Chord  Torsion  (4) 

2.  226 

+2.  50 

Str. 

End  Post  Slope  (5  &  6) 

2.  264 

+  0.  83 

Curved 

None 

2.  282 

Curved 

Chord  Curvature  (7) 

2.  284 

1 

o 

• 

o 

’‘^numbers  in  parentheses  refer  to  numbered  list  in  preceding 
paragraph. 


Each  effect  neglected  is  in  addition  to  those  preceding  it  in  the  table, 
and  each  per  cent  error  is  due  to  the  cumulative  effects  neglected.  It 
will  be  noticed  that  the  errors  have  been  compensating  to  some  extent. 
Positive  errors  are  on  the  safe  side, 

It  should  be  noted  that  Holt  points  out  that  the  conclusions  of 
Table  1,  1  are  valid  only  for  steel  structures  which  fail  in  the  inelastic 
range.  For  other  materials,  or  for  structures  failing  elastically,  he 
states  that  substantial  errors  may  arise  through  neglect  of  the 
secondary  effects  enumerated. 

Two  additional  papers  by  Holt,  published  in  1956  and  1957  as 
Reports  3^^^  and  respectively,  of  the  same  series,  present  the 

results  of  tests  on  a  total  of  ten  model  pony-trusses.  These  bridges 
failed  at  an  average  of  13,6%  less  than  the  theoretical  buckling  loads 
computed  by  Holt,  and  within  a  range  of  from  7%  to  17%  less. 
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The  analysis  used  in  the  papers  consisted  of  equating  to  zero, 

through  trial-and-er ror ,  the  stiffness  of  the  upper  chord  joints.  The 

stiffness  of  a  joint  is  the  force-displacement  relationship  of  the  joint, 

comprising  the  effects  of  the  stiffnesses  of  all  members  framing  into 

the  joint.  When  the  stiffness  of  any  joint  approaches  zero,  a  small 

increase  in  load  produces  a  very  large  displacement;  the  load  at  which 

this  phenomenon  occurs  is  considered  as  the  theoretical  buckling  load. 

The  analysis  also  provides  for  the  computation  of  the  stresses  arising 

from  the  secondary  effects  previously  mentioned. 

Holt  concludes  these  papers  with  certain  recommendations  for 

the  design  of  pony-truss  bridges,  paraphrased  here; 

Design  of  Top  Chords:  The  design  of  the  top  chords  should  be 
based  on  a  buckling  analysis.  He  suggests  using  an  "effective 
length  factor",  found  by  a  buckling  analysis,  in  the  usual 
specification  for  the  design  of  compression  members. 

Design  of  End  Posts:  Each  end  post  should  be  designed  as  a 
cantilever  to  carry  in  addition  to  its  axial  load,  the  bending 
moment  which  would  be  produced  by  a  transverse  force  of  0.  3% 
of  the  computed  axial  load,  applied  at  the  upper  end.  Design 
for  buckling  should  be  based  on  an  effective  length  factor 
similar  to  that  of  the  top  chord. 

Design  of  Verticals:  Each  vertical  should  be  designed  as  a 
cantilever  with  a  transverse  force  of  0,2%  of  the  average  of 
the  axial  loads  in  the  two  adjacent  top  chord  members, 
applied  at  the  upper  end. 

Design  of  Floor-Beam  Connection;  The  connection  of  the 
vertical  to  the  floor-beam  should  be  designed  to  develop 
the  full  capacity  of  the  vertical. 


(5) 


In  1958,  S.L.  Lee  and  R.  W.  Clough,  Jr., 


published  a  paper 
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taken  from  a  doctoral  thesis  by  the  former.  This  paper  presents  a 
pony-truss  analysis  based  on  the  method  of  slope-deflection.  A  group 
of  simultaneous  equations  of  equilibrium  may  be  set  up  for  a  given  load, 
wherein  certain  moments  and  forces  exerted  on  an  upper  chord  panel 
point  by  chord  and  web  members  are  equated  to  the  corresponding 
resisting  moments  and  forces  exerted  by  the  cross-frame.  These 
equations  can  then  be  expressed  in  terms  of  rectilinear  and  angular 
displacements  through  the  use  of  appropriate  stiffness  factors,  with 
the  joint  displacements  as  unknowns  on  the  left  side  of  the  equations. 

The  theoretical  buckling  load  can  then  be  computed  by  setting  the 
determinant  of  the  coefficients  equal  to  zero  (by  bracketing  and 
interpolating  values  for  several  loads),  since  at  this  point  the  unknowns 
(that  is,  the  displacements)  become  very  large.  It  is  possible, 
however,  that  some  members  of  the  truss  may  yield  at  a  load  lower 
than  the  theoretical  buckling  load.  In  order  to  predict  this,  it  is 
necessary  to  know  the  bending  stresses  in  the  members.  These  may 
be  determined  for  loads  other  than  the  buckling  load  by  first  computing 
the  unknown  displacements,  then  in  turn  using  these,  along  with 
stiffnesses,  to  compute  bending  moments.  If  the  computed  stresses 
indicate  that  a  given  member  has  yielded,  then  collapse  is  a 
possibility.  Inspection  of  the  truss  should  disclose  whether  or  not  the 
member  is  required  for  stability. 

Although  this  paper  makes  no  mention  of  any  experimental 
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verification  of  the  theory,  the  authors  have  analyzed,  as  an  example, 
the  same  truss  analyzed  by  Holt  in  his  first  two  papers.  The 

safety  factors  found  by  the  two  analyses  differed  by  only  about  0.  5%. 
For  this  reason,  and  because  of  the  easier  accessibility  of  the  paper 
by  Lee  and  Clough,  this  method  has  been  used  in  the  present  study, 
and  is  discussed  more  fully  in  the  succeeding  chapter. 
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CHAPTER  11 

SLOPE-DEFLECTION  ANALYSIS  OF  A  PONY-TRUSS  BRIDGE 

The  analysis  presented  in  this  chapter  was  developed  by  Lee  and 
Clough,  Jr.  ,  and  may  be  found  in  their  paper  entitled  "Stability  of  Pony- 
Truss  Bridges". 

The  analysis  is  an  application  of  the  so-called  Method  of  Slope- 
Deflection,  whereby  certain  forces  and  couples  acting  upon  the  upper 
chord  joints  are  expressed  in  terms  of  related  displacements,  and  the 
equations  of  statics  applied  to  each  joint.  The  resulting  set  of 
simultaneous  linear  equations  may  then  be  solved  for  the  displacements. 

I.  PRIMARY  CONSIDERATIONS 

Any  joint  in  a  truss  has,  in  general,  six  degrees  of  freedom. 

It  may  translate  along  or  rotate  about  any  of  three  mutually 
perpendicular  axes.  For  the  purpose  of  this  analysis,  a  system  of 
coordinates  has  been  devised  as  shown  in  Figure  2.  1,  using  any  given 
joint  as  the  origin.  The  truss  therefore  lies  in  the  x-y  plane,  and  the 
z-axis  is  perpendicular  to  it. 

If  a  load  is  applied  to,  and  in  the  plane  of,  the  truss,  there 
will  occur  translational  displacements  in  the  x-  and  y-dir  ections ,  and 
rotational  displacements  about  the  z-axis.  In  the  case  of  a  pony-truss 
bridge,  however,  the  load  is  not  applied  in  the  plane  of  the  truss,  and 
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Figure  2,  1 

the  vertical  members  are  tilted  by  virtue  of  their  interaction  with  the 
floor  beams.  Thus  the  top  chord  joints  are  displaced  out  of  the  plane 
of  the  truss.  Examination  of  Figure  2.2  will  indicate  that  this 
displacement  may  be  conveniently  resolved  into  three  components, 
translation  in  the  z-direction  and  rotation  about  the  x-  and  y-axes. 

Provided  that  the  truss  members  are  symmetrical  with  respect 
to  the  plane  of  the  truss,  the  three  displacement  components 
associated  with  plane  deformation  do  not  influence  the  lateral 
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displacements  of  the  top  chord  joints.  Thus  only  three  displacement 
components  need  be  considered  in  the  analysis  of  lateral  stability: 
deflection  along  the  z-axis,  and  rotation  about  the  x-  and  y-axes. 

These  displacements  will  hereafter  be  denoted  respectively  5,  a, 
and  /3 . 


r 


rotation  about 
x-axis 


(b) 

Figure  2.  2 


Where  a  member  is  unsymmetrical,  as  in  the  test  span, 
bending  is  accompanied  by  torsional  displacement,  and  rectilinear 
displacements  in  the  plane  of  the  truss  do  influence  the  lateral 


displacements  of  the  top  chord  joints.  If,  however,  the  torsional 
stiffness  of  such  a  member  is  small,  a  large  displacement  will  be 
required  to  produce  an  appreciable  torsional  moment.  Since  the 
unsymmetrical  members  in  the  experimental  truss  comprised  only 
light  angles  and  channels,  it  was  felt  that  the  lack  of  symmetry 
could  be  neglected. 

Further  assumptions  made  by  Lee  in  the  analysis  include; 

1.  The  diagonals  are  fixed  at  their  lower  ends. 

2.  The  verticals  are  fixed  in  torsion,  but  elastically  supported 
in  bending  by  the  floor  beams  forming  the  cross-frame, 

3.  The  influence  of  the  bottom  chords  and  diagonals  on  the 
bending  of  the  cross-frame  may  be  neglected. 

The  analysis  has  been  developed  to  take  into  account  a  numbe 

of  secondary  effects,  stated  here  as  set  forth  in  Reference  3; 

1.  Varying  axial  compression  along  the  top  chord; 

2.  Non-uniform  chord  sections; 

3.  Chord  curvature; 

4.  Various  support  conditions  of  the  end  posts; 

5.  Torsional  stiffness  of  the  members; 

6.  Support  provided  by  the  diagonals; 

7.  Axial  thrust  in  the  web  members; 

8.  Continuity  between  chord  and  web  members; 

9.  Unequal  joint  stiffnesses; 

10.  Bending  of  floor  beams;  and 
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11.  Initial  eccentricities. 

The  steps  involved  in  the  derivation  of  the  slope-deflection 
equations  are  as  follows,  referring  to  Figure  2.3: 


(a)  Displacements 


y 


(b)  Forces  &  Moments 


Figure  2.  3 
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1.  A  reference  system  is  set  up  for  any  given  joint  "n".  The 
adjacent  joints  may  then  be  designated  "n-1"  and  "n+1". 

Each  joint  is  the  origin  of  three  mutually  perpendicular  axes, 
with  their  positive  directions  as  shown  in  Figure  2,  1.  The 
chord  member  immediately  to  the  right  of  a  joint  is  designated 
by  the  same  number  as  the  joint. 

2.  Certain  displacements  of  the  ends  of  each  member  are 
designated  as  in  Figure  2,  3(a),  namely,  rotation  "m"  about  an 
axis  perpendicular  to  the  axis  of  the  member  and  lying  in  the 
plane  of  the  truss,  rotation  "t"  about  the  axis  of  the  member 
itself,  and  deflection along  the  z-axis,  perpendicular  to  the 
plane  of  the  truss.  The  displacements  of  the  joints  about  the 
principal  axes  are  also  shown. 

3.  The  bending  and  torsional  moments  applied  to  the  ends  of  each 
member,  also  designated  in  Figure  2.3,  are  expressed  in 
terms  of  the  above  displacements  and  their  corresponding 
stiffness  factors. 

4.  These  displacements,  and  hence  the  bending  and  torsional 
moments,  are  expressed  in  terms  of  the  joint  displacements 
along  or  about  the  principal  coordinate  axes. 

5.  Three  equations  of  equilibrium  are  established  for  each  joint  by 
summing  and  equating  to  zero,  the  forces  along  the  z-axis,  and 
the  moments  about  the  x-  and  y-axes  respectively.  Each  joint 
must  remain  in  equilibrium  under  the  forces  and  moments 
exerted  upon  it  by  the  top  chord  members,  the  cross-frame, 
and  the  diagonals.  All  forces  and  moments,  including  those 
exerted  by  the  cross-frame  and  diagonals,  are  expressed  in 
terms  of  the  corresponding  stiffnesses  and  displacements. 


II.  DERIVATION  OF  EQUATIONS 


The  stiffness  factor  K  of  a  flexural  member  is  defined  as  the 
end  moment  required  to  produce  a  unit  rotation  of  the  end  of  the  mem¬ 
ber  to  which  it  is  applied,  if  the  opposite  end  remains  fixed.  The 
carry-over  factor  C  is  the  fraction  of  the  moment  K  which  is  thereby 


induced  at  the  fixed  end  of  the  member. 
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Figure  2.4 


Expressions  for  K  and  C  have  been  developed^^^  for  members 
subjected  to  bending  and  axial  load  and  are  given  here; 


K  = 


C  = 


El 

L 

f 

where  E=  modulus  of  elasticity 

I  =  moment  of  inertia  about  the  axis  of  bending 
L  =  length  of  the  member. 

For  compression  members 


^ _  6(</>csc0  -  1) 


.  ^  3(1  -  <t>cotft>) 


For  tension  members, 

6(1  -  <l>csch.<f>) 


r= 


<t>‘ 
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.//  _  3(<^coth0  -  1) 


6 


In  these  expressions 


where  P  is  the  absolute  value  of  the  axial  force  in  the  member. 


The  modified  stiffness  K'  for  antisymmetrical  bending  is 
defined  as  the  moment  required  at  each  end  of  a  member  to  produce 
a  unit  rotation  at  each  end  in  the  same  direction.  It  may  be  expressed 
in  terms  of  the  stiffness  factor  K: 


Figure  2.  5 
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Froni  Figure  2.  5, 


K-  =  K  +  CK  =  K(1  +  C) 


8 


For  small  angles, 


7  = 


L 


so  that  the  stiffness  factor  for  a  unit  relative  deflection  6,  is  equal 
to  . 


Consider  now  the  general  case  of  bending  of  a  single  upper 
chord  member  "n".  Figure  2.  6  shows  the  end  moments  and  displace¬ 
ments  developed. 


Note  that  the  directions  of  rotations  and  couples  shown  correspond  to 
Figure  2,  3.  The  end  moments  shown  in  Figure  2.  6  may  be  separated 
into  components  due  to  rotation  of  each  joint  and  to  differential 
deflections  of  the  joints.  Consider  the  moment  M^,  Figure  2.7. 

From  Figure  2.7(c), 


7  = 


7-7 


/ 


-  Sn 


L. 


•!  nco'i''i. 


:j  ri  7.0 '4 


1 


O  o 


j. 


'1 


’  I 1:  y 1  :]  Bfi  i 
.  ...'i-r',  u.CM.i;  I’l'  ,  C  ,L 

(./  7  1 1 ;  iino(].'!rfo 

'■■^b'  vn  .  j  r)j  i:; 

,  ( 3 )  ^  •  '-i  J'  ''t  f  ‘  •' o 7 


,r 


r 


\-\  \ 


I 


21 


Figure  2,  7 


and 


K' 


Mn  =  “Knna'nCn  +  Knn^n  +  ~z - (^nn  “  n) 


K' 


n 


L 


n 


Ln 


(  *^n+i  ~  <^n) 
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Similarly, 


M'n  —  “(  ^n+i  “  "  K-nCn^n  +  +  {<^n+i  “ 

Fn  Fn 


'•  ,  ^  n 


10 


K '  /  K  *  I 

M-n-i  =  (<^n  “  ^n-\)~ —  +  K-n-i^^n-i  “  K,n-|Cn-i^^'n-i  "  "  <^n~\) -  11 


Ln-I 


Ln-i 


M'n_i  = 


-(/n  -  -  “  K.n-iCn-in^n-i  +  Kn-\rTi'n-i  ^  (^Tn  -  - 

Ln-i  ^n~i 
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By  definition,  the  torsional  moments  T  in  adjacent  top  chord  members 
are 

Tn  =  Rn(fn  +  f'n)  13 

Tn-i  =  Rn-i(fn-\  +  t'n-i)  14 

where  R  is  the  torsional  rigidity  of  the  member.  For  members 
carrying  no  axial  load, 


where  G  is  the  shear  modulus  and  J  is  the  torsional  constant  of  the 
cross-section.  For  open  sections, 

T-  Sbt^ 

3 

where  "b"  and  "t"  are  the  breadth  and  thickness,  respectively,  of 
rectangular  elements  of  the  section^^^. 

The  rotational  displacements  of  the  members  shown  in  Figure 
2.  3  are  now  expressed  in  terms  of  the  displacements  of  the  joint  about 
the  principal  axes. 


m'n-i  =  -an-vsin^n-i 

+  /^n- 1  cos^n-i 

15(a) 

n^n-i  =  sin^n-i  -  f 

3n  cos  ^n-i 

15(b) 

m'n  =  -OCn  sin<9n  + 

^n  cos^n 

15(c) 

mn  =  ^n+i  sin^n  -  /5; 

n+i  cosl^n 

15(d) 

t'n-i  =  ‘^n-i  cos(9n-i  + 

j3n-\sin0n-\ 

15(e) 
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tn-i  =  cos ^11-1 


15(f) 


t'n  =  cos^n  +  i^n  sin^n 


15(g) 


15(h) 


The  cross-frame  and  diagonals  framing  into  each  joint  produce  the 
forces  and  moments  required  to  maintain  equilibrium  of  that  joint. 
Expressions  may  now  be  developed  for  these  forces  and  moments. 


Bending  of  the  floor  beams.  Assuming  the  tops  of  the  verticals 


to  be  fixed,  bending  of  a  floor  beam  develops  a  lateral  force  at  the  top 
of  the  vertical  member,  and  a  moment  about  the  axis  of  the  top  chord, 
as  indicated  in  Figure  2.8.  No  moment  is  developed,  however,  about 
the  vertical  axis.  Expressions  for  the  force  and  moment,  designated 
respectively  as  and  ,  are  developed  below.  The  load  "w"  is  any 
symmetrically  distributed  load. 


Figure  2.  8 
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the  applied  load.  Since  the  frame  and  loading  are  symmetrical,  the 
stiffness  factor  of  the  floor  beam  may  be  modified  for  syminetrical 
bending,  and  only  one-half  of  the  frame  analyzed,  using  the  method 
of  moment-distribution. 

The  modified  stiffness  K"  of  a  member  in  symmetrical  bending 
is  defined  as  the  moment  which  must  be  applied  to  each  end  of  the 
member  in  order  to  produce  a  unit  rotation  at  each  end  in  opposite 
directions,  and  is  developed  below. 


Figure  2, 9 


Thus 


K"  =  K  -  CK  =  K(1  -  C)  16 

where  K  is  the  stiffness  factor  of  the  member. 

One-half  of  the  frame  is  now  analyzed  (Figure  2.  10),  using  the 
rigid  frame  sign  convention. 
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(b) 


Figure  2.  10 


Then  Sx 

and  Sz 


17 

18 


Note  that  when  used  in  these  equations,  the  fixed-end  moment  is 
positive  when  producing  concave  downward  bending  of  the  beam. 


Stiffnesses  of  the  cross-frame.  The  stiffnesses  of  the  cross¬ 
frame  may  be  similarly  developed,  A  system  of  double  subscripting 
is  used  which  is  best  explained  by  an  example:  S'xz  is  defined  as  the 
moment  induced  about  the  x-axis  by  a  unit  deflection  along  the  z-axis, 
or  as  the  force  induced  in  the  z-direction  by  a  unit  rotation  about  the 
x-axis.  Figure  2,  11  illustrates  two  stiffness  factors,  S'^z  and  S'^z* 


26 


s' 


zz 


Figure  2,11 


The  stiffnesses  shown  above  may  be  evaluated  by  distributing 
the  fixed-end  moments  produced  in  the  verticals  by  a  unit  deflection. 
From  Figure  2,  5,  it  is  observed  that  the  fixed-end  moment  produced 
by  a  deflection  5  may  be  represented  as 


Mr  =  K' 


L 


19 


For  a  unit  deflection  of  the  top  of  the  vertical,  then,  Equation 
19  becomes 

K'v 


Again  using  the  modified  stiffness  factor  for  symmetrical  bending  of 
the  floor  beam,  it  is  necessary  to  analyze  only  one-half  of  the  cross¬ 


frame. 
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Letting 


K' 


r  = 


K 


Figure  2.  12 

as  previously. 


(b) 
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I 

oc.  z 


then 


K'v  /  Cv  \ 

Lv  V  1  +  rj 


and,  summing  moments  about  point  O, 


20 


21 
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It  should  be  pointed  out  that  in  this  equation,  is  positive  when 
tension,  and  negative  when  compression. 

Similarly,  may  be  determined. 


Figure  2,  14(a)  shows  the  distribution  of  fixed-end  moments. 


But 


(from  Equation  8) 
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and 

Thus 

and 


It  will  be  noticed  that  the  force  stiffness  expressed  by  this  last 
equation  is  identical  to  the  moment  stiffness  expressed  by  Equation  20, 
confirming  a  previous  statement  to  that  effect. 

Of  the  remaining  stiffnesses, 


S'xy  =  0 
S'yz  ==  0 
S'yy  =  Rv> 
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each  of  which  may  be  established  by  inspection,  remembering  the 
assumed  conditions  of  symmetry. 


Stiffnesses  of  the  diagonals.  The  stiffnesses  of  the  diagonals 
are  more  easily  developed,  since  it  has  been  assumed  that  they  are 


30 


fixed  at  the  bottom  chord.  The  same  system  of  double  subscripting  is 
used  as  for  the  stiffnesses  of  tlie  cross-frame.  Certain  of  these 
stiffnesses  are  shown  in  Figure  2.  15. 


(a) 


Figure  2.  15 


Rj  cos 

\ 


To  determine  S"  and  S"  ,  a  unit  rotation  is  applied  about  the 
XX  xy 

x-axis.  The  corresponding  rotations  about  the  x'-  and  y'-axes  are, 
respectively,  lxsin0^  and  1  xcos  The  bending  and  torsional 

moments  induced  are,  respectively,  K^sin  6^  and  R^cos  0^,  as  shown  in 
Figure  2,  15(b).  These  moments  may  be  resolved  into  their  x-  and 
y-components : 


S"xx 

=  K^sin^^j^  +  R|^cos^<^j^ 
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and 

S"xy 

=  (K^  -  R^)  sin<9^  cos0^ 

25 

Also, 

S"xz 

Kd  sin^'d  +  KdCd  sinO^ 

Kd  K'd 
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The  remaining  stiffnesses,  similarly  determined,  are  as  follows: 


S"yy  =  K^cos^^j^  +  sin'^  0^ 


27 


28 


29 


In  the  above  equations,  the  angle  6  is  measured  positive  clockwise  from 
the  x-axis,  with  the  result  that,  for  a  diagonal  to  the  left  of  a  vertical, 
the  cosine  is  negative.  This  reverses  the  signs  of  Equations  25  and  28, 
The  axial  force,  P^,  is  positive  when  tension,  and  negative  when 
compression. 


The  general  slope-deflection  equations.  The  equations  of 


equilibrium  for  any  joint  "n"  may  now  be  stated,  making  use  of 
Figure  2,3  and  the  stiffness  factors  just  derived.  Since  the  forces  and 
moments  shown  in  Figure  2,  3  are  those  applied  by  the  joint,  and  since 
the  stiffnesses  have  been  derived  on  the  same  basis,  it  is  convenient  to 
sum  and  equate  to  zero  these  forces  and  moments,  rather  than  those 
applied  to  the  joint. 

SMx  =  0 


Mn-isin(9n_i  -  M'nsin(9n  -  Tn-icos^n-i  +  T'nCOs(9n  +  (nS'xx  +  nS"xx)‘^n 


+  (nS'xy  +  nS"xy)^n  +  (nS'xz  +  nS"xz)(^n  -  ^n)  +  nSx  -  0 
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3Z 


SMy  =  0 


-Mn-icos0n-i  +  M'ncos^n  -  Tn-isin6>n-,  +  Tnsin^n  +  (nS'xy  +  nS"xy)(^n 
+  (nS'yy  +  nS"yy)^n  +  (nS'yz  +  nS"yz)(<^n  -  n)  =  0  31 


SF^.  =  0 


(M'n_|  -  Mn-i)  Pn-i  ^  (M.'n  -  Mn)  Pn  n 

"  T  "  T  (  -  <^n-i)  + - - - +  - —  ('^n+i  -  <^n) 

J-'n-t  -Lri-l  -L-'n  Pn 

+  (nS'xa  +  nS"xz)^'^n  +  (nS'yz  +  n^"yz)^n  +  (nS'zz  +  nS"zz)(*^n  “  <^n) 


+  nSz  -  0 


3Z 


The  moments  and  torques  in  these  equations,  defined  by 
Equations  9  through  14,  are  now  expressed  as  follows,  incorporating 
the  relationships  of  Equations  15: 


M-n  =  ( <^n+i  -  <^n)  +  Kn(<Xn+|Sii^^n  “  /^n+tcos^n) 

Ln  I 

p/  K  ’n 

-  KnCn(  “Qfn  sin(9n  +^n  cosO-a)  -  ( <3  n+i  -  d  n)  "T” 
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K. 

M.'n  =  “(^n+i  -  n)  ~  "  K.nCn(<^n+isin^n.  n+iCOS  ^n) 

Pn  ' 

,  K'n 

+  Kn(  sin  G-^  +  cos  &xi)  +  ( <3^ n+i  ”  ^ n)  ~ 

'  Pn 
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Mn-t  =  (^n  -  -  +  Kn-ii^Tn  sin  ^n-i  “ /3n  cos  6^n-i) 

Ln-i  ' 

-  Kn-|Cn-i( -d^n-|Sin6*n-(  +  /Sn-i cos6^n-i)  "  -  (^n-i) 

Li-n  - 


I  K'n-, 


n-i 
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K'n-, 


M'n-i  -  -{<^n  “  <^n-i)  .  “  K.n-iCn-i(f^n  sin  -  fiiicos^n-i) 

■L'n-i 


+  Kn_,{-(Xn-|Sin^n-i  +  /5n-i  cos  ^n-i)  +  (  <fn  -  Sn-.) 


K'n- 


n-i 


Ln_i 
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Tn  —  R-n{  "C^-n+i  cos  “  /^n+i  sin  0^  +  Ctn  cos^n  +  /^n  sin^^.) 


37 


Tn-i  ~  Rn-t(  “(Xncos^n-i  “^nsin^n-i  +  ^n-i  cos  On-i  ^n-{  sin^n-i) 
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The  equilibrium  equations  may  now  be  stated  in  terms  of  stiffnesses 
and  displacements: 

2Mx  =  0 


((^n  -  ^n-i)  “T^  ~sin^n-i  +  Kn-» sin^n-i(Ctn  sin^n-\  “  /SnCOs6’n-i) 
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‘  K.  ^  n—  i 
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■'ll 


-  Rn-i cos  ^n-i(  ”^n  cos ^n-i  -  ^n  sin^n-i  dCn-tCOs  ^n-i  d  ^n-isin0n-i) 

+  Rn  cos  ^n(  “^n-+iCOs^n  “  ^n-nsin^n  +  (Zjj  cos^n  -f  ^n  sin^n) 
d  (nS'xx  d  nS"xx)o^n  d  (nS'xy  d  nS"xy)^n  d  (nS'  xz  dnS"xz  )(^n  -^n) 


d  nSx  =  0 


Grouping  according  to  displacements, 
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r  K'n-i  1 

sin6^n-il  +  ^n-i  (Kn-iCn-t  sin  ^^n-i  “  Rn-|COs^f5'j,^_,J 
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Similarly, 

2My  =  0 


n-i 


K'n-i 


-cos  9n~\ 
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It  may  be  observed  that  the  unknowns  and  their  coefficients  have  now 
been  effectively  separated.  Note  that  although  the  axial  forces  P  in 
the  chord  are  compression,  the  derivation  (see  Figure  2.3)  dictates 
that  positive  rather  than  negative  values  be  used  in  the  above  equation. 

Special  equations  for  joints  adjacent  to  end  joints.  Certain 
conditions  exist  at  the  end  joints  which  must  be  evaluated  and 
incorporated  into  the  equilibrium  equations  for  the  adjacent  joints. 
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First,  the  deflections  of  these  joints  are  equal  to  zero;  that  is, 


=  0 


0 


where  "1"  denotes  the  left,  and  "i  +  1"  the  right,  end  joint  of  the  truss, 
and  where  "i  +  1"  is  numerically  equal  to  the  total  number  of  joints  in 
the  truss,  including  the  end  joints. 

Some  assumption  must  be  made  regarding  the  degrees  of  fixity 
of  the  top  chord  at  the  end  joints,  both  in  bending  and  in  torsion.  The 
simplest  such  assumption  is  that  the  member  is  either  fixed  or  free  to 
rotate. 

Consider  bending:  if  the  member  is  fixed,  then  its  stiffness  is 
that  of  a  member  with  the  far  end  fixed,  represented  previously  by  the 
symbol  K,  If  the  member  is  free  to  rotate  at  the  end  joint,  then  the 
stiffness  is  the  modified  stiffness  with  the  far  end  hinged  (K’"),  and  is 
derived  as  follows: 


K 


CK 


C^K 


CK 


Figure  2.  16 


=  K{1  “  C^).  It  is  apparent,  then,  that  the 


From  Figure  2.  16,  K''' 
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bending  stiffness  of  the  end  member  might  be  either  K  or  K(1  -  C^), 
depending  upon  which  assumption  is  made.  To  facilitate  modification 
of  the  general  slope-deflection  equations,  it  is  possible  to  introduce  an 
arbitrary  constant  "a"  into  the  stiffness  expression  thus: 

bending  stiffness  =  K(1  -  aC  ). 

Obviously,  when  a  =  0,  the  stiffness  is  simply  K,  and  when  a  =  1,  the 
stiffness  is  K(1  -  C^).  Accordingly,  it  may  be  stated  that  for  a  fixed 
end,  a  =  0,  and  for  a  hinged  end  a  =  1.  The  above  expression  may  now 
be  incorporated  into  the  general  equations  as  the  rotational  stiffness  of 
the  end  member. 

Using  the  same  constant  "a",  the  stiffness  factor  K'  for 
antisymmetrical  bending  may  be  modified  according  to  the  condition  of 
fixity  at  the  end  joints.  For  a  fixed  end,  this  stiffness  is  equal  to 
K(1  +  C).  Figure  Z.  17  illustrates  the  case  where  the  member  is  free 
to  rotate  at  the  end  joint.  It  has  been  shown  previously  that 


Figure  2.  17 

o  6 

K'"  =  K(1  -  C'^).  For  small  angles,  0=  ,  and  the  bending  moment 


,;i')  I,  :■)  I  i:r;»  r! 


y  • ;  i,  is 


y/(;  'iO 


"  b  i')  y.’ '.' 


,- 1 , 


'O 


I 


.  y '.' 


i  <■;  ■ :. 
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produced  by  a  unit  relative  deilection  is  equal  1^^' 1  ~  ,  or 

K' 

-jj{l  -  C)  .  Hence  the  stiffness  factor  relating  end  moments  and  rela- 

K ' 

tive  lateral  deflection  of  the  ends  of  the  member  may  be  either  or 
K' 

■^{  1  -  C)  ,  depending  on  the  condition  of  fixity.  The  constant  "a",  then, 

K' 

can  be  incorporated  as  follows:  ^  if  a  =  0,  the  stiff- 

K'  K' 

ness  factor  is  -j— ,  whereas  if  a  =  1,  the  stiffness  factor  is  — — (1  -  C)  , 

The  constant  "a"  may  furthermore  be  used  to  modify  the  lateral 

force  produced  by  a  unit  relative  deflection  of  panel  points,  in  order 

that  Equation  41  may  be  conveniently  applied  to  the  end  panels. 

F 
K' 


’ 

— - i 

Ph'- 

1  V  T' 

F 

L 

Figure  2.  18 


From  Figure  2.  18,  it  is  obvious  that  the  force  "F"  produced  by  a  unit 

2K' 

relative  deflection  as  shown,  is  equal  to  •  Suppose,  however,  that 
one  end  of  the  member  is  hinged: 


Figure  2.  19 
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The  moment  produced  at  the  fixed  support  is,  for  a  small  rotation 


7=  equal  to  ^(1  -  C*^).  Employing  the  relationship  that 

Ju  J-J 

K'  =  K{  1  +  C),  then  the  force  F 


K' 


L‘ 


(1  -  C)  .  Thus  some  expression 
2K' 


containing  "a"  must  become  equal  to  — when  a  =  0,  and  must  become 

E 

K' 

equal  to  o  ( ^  ■  C)  when  a  =  1.  Such  an  expression  could  be  as  follows; 


L 

K' 


K' 


[2(1  -  a)  +  a(l  -  O]  =  —[2  -  a(l  +  C)] 


W 


A  similar  arbitrary  constant  may  be  used  to  specify  the  end 
condition  in  torsion.  If  the  end  is  fixed,  then  the  torsional  stiffness  is 
equal  to  R,  as  previously  defined.  If  the  end  is  free,  then  the  torsion¬ 
al  stiffness  is  equal  to  zero.  Introducing  "b"  as  the  required  con¬ 
stant,  the  torsional  stiffness  may  be  represented  thus; 

R(I  -  b) 

It  is  evident  that  when  b  =  0,  the  stiffness  is  R,  and  when  b  =  1,  the 
stiffness  is  zero. 

The  use  of  the  constants  "a"  and  "b"  may  now  be  summarized 
as  follows,  with  reference  to  the  end  joint; 


Member  fixed  in  bending  a  =  0 

Member  free  to  rotate  in  bending  a  =  1 

Member  fixed  in  torsion  b  =  0 

Member  free  to  rotate  in  torsion  b  =  1 


Finally,  it  should  be  noted  that  the  above  discussion  has  re¬ 
ferred  to  the  degree  of  fixity  between  the  member  and  the  end  joint, 
and  that  the  deflection  6  and  the  rotations  a  and  0  of  that  joint  are  equal 


to  zero. 
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The  modified  equations  for  the  first  interior  Joints  are  as 
follows:  For  Joint  2: 

SMx  =  0 


K' 


( 1  -  aC( )  sin <9, 


ii! 


sinOp  +  oS'x7.  +'jS 


Z'~>  xz  “  xz 


+  0Cz^^[l  -aC,^)sin^0,  +K2.sin0z  +Ri(l  “  b)  cos^^,  +R2COs^6>2 

+  2^'xx  +  2S"xX  -  aC|^  )  +  R,(1  -b)|’  sin 6*,  cos 6^1 

+  {-K2  +  R2)sin(92  cos^2  +  2S"xy]  +  ^3 


L.W 


inO^ 


as\^zC 


2  sin^'02 


-R2COs^<92j  +  ^3|j(K2C2.  +  R2)  sin<92  cos^2  J  ~ 


,.K'. 

4—  (1  -  aC.) 


sin 


i  K.  * 

+  ( -  (^2)“  sin  (92  +  <:^2(2^'xz  +  2^"^z)  -  2.^1 
Ljg. 


a 
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SMy  =  0 


K| 


K! 


(1  -aCiJcos^*,  +  cos  6*2  +  2S 


L, 


yz 


+  0^2  [{-K,  (1  -  aC,")  +  R,(l  -  b)(  sin(9,  cos<9|  +  (“K2  +  R2)  sin 6^2  cos  (92 

+  2S"xyJ  +  -aC,^)cos^(9(  +R,(1  -  b)  sin^^,  +  Kgcos^i^^ 

,  f  r  K'2 

+  R2  sin  ^2  +  2^'yy  ^  2^"yyJ  ^  ^-3 


L. 


cos 


^2 


+  OC^^lK^Cz  +  R2)  sin  9^2  cos<^^  +  -  R^  sin^92j 


K', 


-  Og -  (1  -  aC()  cos(9,  -  (tfg  “  S-ji) -  cos9’2  +  O2  eS 


L. 


yz 
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2F2,  =  0 


p, 

L 


+  {2  -  a(l  +  C,)[ 


L" 


l: 


2  +  2^*ZZ 


Z'J  zz 
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+  O',, 

+  /^2 
+  GLc, 


K',  .  ...  KV, 


(1  -  ac,)  sin^, 


+  ^S'xz  4  2^' 


xz 


K\ 


K! 


(1  -aC|)cos6^(  + -  cos  6^2  +  2S 

_  l-'i 


yz 


r  ^2 


L^2  ^  2 


K'2 

- sin  ^2 

K' 


L  ^2 


+ 


K', 


cos  (9, 


^5’  {2  -  a(l  +  C,)( 


K', 


-  2(^3  -  ^’2)7 

2  4  <^2(2S'zZ  +  2S"zz) 


L 


Z'^Z 


For  joint  "i",  the  general  equations  become; 


44 


2Mx  =  0 


^i-. 


K'i-^ 


Li-( 


-sin^i-i 


+  (Xi-i  |iKi-|Ci_,  sin^^i-i  “  Ri-4COS^5’i-^ 


+  /Si-i  [-(Ki_iCi_,  +  Ri-i)  sin9i-,  cos9i-,] 

TK'i-.  .  ^  K'i 
-sinfe'i-i  - 


+  ^i 


— ( 1  -  aCi)  sin^i  +  iS'xz  +  iS"xz 

sin^9i  +  Ri-iCOS^9i-i  +  Ri(l  -  b)cos^9*i 


Li-i  Li 

+  £ri[Ki-,sin^9i-,  +  Ki(l  -  aCi^) 

4  iS'xx  4  iS"xx]  4  ^i  [^( -Ki-i  +  Ri-()  sin^i_i  cos9'i_| 

+  |-Ki(l  -  aCi^)  +  Ri(l  -  b)[  sin^icos9^i  +  iS"xy3  “  Ud'i  - 

[_  -L'i'i 

T>r  I  .  "1 


(1  "  3-Ci)  sin^i  +  C?i(iS'xz  4  iS"xz)  "  iS 
L-i 


2My  =  0 

Si. 

+  ^i-i[ki-,Ci-t  cos^9i_,  -  Ri_,  sin^<9  i_|] 
4  ^i 


X 
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[K'i-,  1 

p  — 

cos9i_, 

4  O^i-, 
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ZF,.  =  0 


+ 

+  a'i 

4^. 
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III.  THE  SYSTEM  OF  EQUATIONS 

It  has  been  demonstrated  that  for  each  interior  joint  of  the 
truss,  there  are  three  equations  of  equilibrium.  Boundary  conditions 
have  been  incorporated  into  Equations  42  through  47  for  the  joints 
adjacent  to  the  end  joints.  The  resulting  system  of  equations  may  be 
solved  simultaneously  for  the  three  displacements  of  each  joint, 

IV,  COLLAPSE  LOAD  OF  THE  BRIDGE 

When  the  phenomenon  of  buckling  occurs,  the  displacements  of 
the  top  chord  joints  become  very  large.  At  this  time,  the  determinant 


of  the  coefficients  in  the  system  of  equations  approaches  zero.  This 
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characteristic  therefore  permits  an  evahiation  of  the  elastic  buckling 
load.  The  procedure  is  as  follows:  some  arbitrary  load  is  applied  to 
the  bridge,  and  the  determinant  of  the  coefficients  of  the  slope-deflec¬ 
tion  equations  is  computed.  This  is  repeated  with  different  loads 
until  the  load  for  which  the  determinant  equals  zero  has  been 
bracketed.  Interpolation  then  gives  the  buckling  load. 

The  buckling  load  thus  found  is  independent  of  the  initial  deflec¬ 
tions  of  the  top  chord  joints,  and  of  the  bending  moments  in  the  floor 
beams.  It  may  be  thought  of  as  the  upper  limit  of  the  actual  collapse 
load,  for  it  is  necessary  that  the  buckling  mode  be  perfectly  symmetri¬ 
cal  or  antisymmetrical,  and  that  no  members  of  the  truss  have  yielded. 
Yielding  of  any  member,  save  the  floor  beams,  causes  a  redistribution 
of  stresses  among  adjacent  members,  and  radically  changes  the  stiff¬ 
ness  of  the  member  itself.  Since  actual  structures  probably  never 
attain  the  ideal,  some  more  accurate  means  must  be  found  of  estimat¬ 
ing  the  true  collapse  load,  or  at  least  a  lower  limit. 

To  this  end,  the  displacements  computed  by  means  of  this 
analysis  may  be  substituted  into  equations  developed  earlier,  and  the 
secondary  stresses  evaluated.  The  bending  and  torsional  moments 
in  the  top  chord  may  be  determined  from  Equations  9  through  14,  The 
moments  in  the  verticals  are  found  by  superimposing  the  effects  of  the 
bending  moment  in  the  floor  beam  (Equations  17  and  18),  and  of  the 
cross-frame  stiffnesses  (  Equations  20  through  23). 
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An  IBM  1620  electronic  digital  computer  program  for  the 
solution  of  the  displacements  is  found  in  Appendix  A. 
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CHAPTER  III 

THE  EXPERIMENTAL  PROGRAM 

An  experimental  program  was  undertaken  in  order  to  determine 
the  ultimate  capacity  of  a  typical  pony-truss  as  well  as  to  provide 
information  concerning  its  general  behavior.  This  testing  program 
was  a  sequel  to  that  carried  out  in  1959  by  Mr.  F.  Lukawitski,  The 
procedure  devised  by  Mr.  Lukawitski  during  the  1959  test  was  followed 
for  the  two  I960  tests,  although  a  reappraisal  of  his  data  and  results 
indicated  a  need  for  certain  changes  in  the  instrumentation. 

The  1959,  July  I960  and  October  I960  tests  are  referred  to 
hereafter  as  the  1959,  July  and  October  tests,  respectively. 

I.  THE  TEST  BRIDGE 

The  bridge  tested  was  the  one  used  previously  by  Mr. 
Lukawitski,  It  was  a  Government  of  Alberta  Standard  80-ft,  Light 
Highway  Span  -  16  ft.  Roadway  (Figure  3,  1),  typical  of  many  such 
structures  currently  in  use  in  the  Province  of  Alberta,  Prior  to  its 
removal  to  the  test  site  at  Lambton  Yard,  Edmonton,  the  bridge  was 
in  service  on  a  secondary  road  in  Central  Alberta,  where  it  had  at 
some  time  been  damaged,  resulting  in  relatively  large  initial  lateral 
deflections  of  the  upper  chord  of  the  south  truss  (Figure  3,2  -  1959 
test).  The  1959  test  was  carried  out  without  repair  of  the  truss,  in 
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order  that  the  effect  of  initial  deflection  or  "crookedness"  nuglit  he 
assessed. 


The  July  test.  In  preparation  for  the  July  test,  it  was  deemed 
advisable  to  replace  not  only  the  severely  buckled  south  chord,  but 
also  a  portion  of  the  north  chord.  As  the  upper  chords  were  originally 
spliced  at  panel  points  and  U^,  the  sections  replaced  were  as  shown 
in  Figure  3.3.  New  pieces  were  fabricated  for  the  purpose  and  the  old 
ones  discarded.  The  resulting  upper  chord  configurations  are  shown 
in  Figure  3.2  -  July  test. 

The  center  floor  beam  had  been  loaded  beyond  its  elastic 
capacity  and  had  experienced  considerable  permanent  deformation 
(Figure  3,4).  The  consequent  rotational  displacements  of  the  ends  of 
the  beam  tended  to  tilt  the  connected  verticals  toward  the  center-line 
of  the  truss,  causing  some  difficulty  in  the  replacement  of  the  top 
chord,  as  well  as  adding  to  its  initial  deflection.  A  certain  degree  of 
correction  was  effected  by  pulling  out  the  tops  of  the  verticals  by 
means  of  a  power  winch.  Despite  these  problems,  however,  it  was 
decided  not  to  replace  the  floor  beam,  since  it  had  presumably  strain- 
hardened  and  could  be  expected  to  behave  elastically  up  to  at  least  the 
previous  maximum  load. 

The  October  test.  Repair  of  the  bridge  was  again  found 


necessary  following  the  July  test  and  before  proceeding  with  the 
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NORTH  TRUSS,  JULY  TEST 
SOUTH  TRUSS,  OCTOBER  TEST 


3  4  5  6 

SOUTH  TRUSS,  JULY  TEST 

REPLACED  MEMBERS  INDICATED  BY  HEAVY  LINES 


FIGURE  3.3  -  TOP  CHORD  REPAIRS 


FIGURE  3.4  -  CENTER  FLOOR  BEAM  BEFORE  JULY  TEST 
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October  test.  This  time,  though,  only  the  south  truss  was  considered 
so  badly  damaged  as  to  warrant  repair.  Instead  of  using  a  new  piece, 
the  discarded  section  of  the  original  north  chord  was  straightened 
satisfactorily  and  reused  in  the  south  truss  (Figure  3.  3). 

In  view  of  the  proposed  load  distribution  for  the  October  test, 
and  certain  questions  arising  from  the  July  test,  it  appeared  advisable 
to  replace  the  center  floor  beam.  This  was  accomplished  by  jacking 
and  blocking  of  the  adjacent  floor  beams  and  stringers.  A  substitute 
used  beam,  in  good  condition  and  identical  in  size  and  fabrication  to 
the  original,  was  found  stockpiled  nearby  and  was  riveted  in  position 
with  a  minimum  of  difficulty. 

As  is  evident  from  Figure  3,  2,  for  none  of  the  tests  were  there 
initially  straight  upper  chords.  Straightness  of  structural  members 
appears  to  be,  in  a  practical  sense,  a  matter  of  degree,  but  even  on 
this  basis  the  south  chord  must  be  considered  crooked  for  the  1959 
test,  and  perhaps  for  even  the  July  test.  From  observations  of  the 
erection  procedures  used  in  repair  of  the  bridge,  it  was  felt  that  no 
better  approximations  to  straightness  were  attainable  in  practice,  and 
that  the  initial  upper  chord  configurations  of  the  July  and  October  tests 
probably  were  typical. 

II.  PREPARATION  OF  THE  BRIDGE  -  INSTRUMENTATION 


Following  the  pattern  of  the  1959  test,  strain  measurements  on 
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various  members  were  taken  by  means  of  Baldwin  SR-4  strain  gauges. 
Additional  gauges  were  applied  at  several  locations,  and  many  were 
disconnected  because  it  was  thought  that  little  if  any  useful  information 
could  be  derived  from  them.  Figures  3.5  -3.7  show  the  locations  of 
the  strain  gauges. 

Deflection  measurements  were  taken  by  means  of  both  dial 
indicators  and  scales. 

Upper  chords.  Strain  readings  on  the  upper  chords  were  not 
taken  during  either  the  July  or  the  October  test.  Mr,  Lukawitski  had 
stated  that  the  forces  in  these  members  were  close  to  the  theoretical 
values  for  a  pin-jointed  truss,  and  although  there  was  some  doubt  as  to 
the  validity  of  his  method  of  calculating  the  axial  strains,  this  postulate 
was  accepted,.  Further,  there  was  no  intention  to  compute  the  buckling 
load  using  Shanley's  method,  as  illustrated  by  Mr.  Lukawitski, 

Measurements  of  lateral  deflections,  however,  were  carried 
out  throughout  the  tests  in  the  same  manner  as  during  the  1959  test. 

As  shown  in  Figure  3,  8,  dial  readings  were  supplemented  by  scale 
readings  for  the  purpose  of  verification.  Only  the  dial  readings  were 
intended  for  use  in  analysis. 

Vertical  members.  The  action  of  the  vertical  members  was 
such  that  it  became  important  to  know  the  bending  strains  fairly 
accurately.  Since  single  channels  were  used  for  these  members,  the 
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FIGURE  3.8  -  MEASUREMENT  OF  TOP  CHORD  DEFLECTIONS 


-|C0 


FIGURE  3.7  -  STRAIN-GAUGE  POSITIONS 
ON  TYPICAL  CROSS-SECTIONS 
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strains  measured  by  Mr.  Lnkawitski  were  compliccited  by  the  presence 
of  torsional  components.  It  was,  in  fact,  impossible  to  compute 
accurate  bending  strains  using  only  the  gauges  applied  prior  to  the 
1959  test.  Analysis  showed  (see  Appendix  B)  that  the  effects  of  torsion, 
axial  load,  and  bending  about  the  weak  axis  could  be  virtually 
eliminated  in  the  computations  if  additional  strain  readings  were  taken 
on  the  flanges  at  the  heels  of  the  channel. 

At  the  time  of  the  tests  it  also  seemed  desirable  to  know  what 
proportions  of  the  deflection  of  each  upper  chord  panel  point  (and  hence 
the  top  of  each  vertical)  were  due  to  bending  of  the  vertical,  rotation 
of  the  end  of  the  floor  beam  and  slippage  of  the  joint,  respectively. 

The  instrumentation  used  in  the  1959  test  was  incapable  of  supplying 
reliable  data  for  this  purpose.  Other  than  the  lateral  deflections  of 
the  top  chord,  only  the  slip  of  the  joint  could  be  measured,  and  that 
inadequately.  Laboratory  tests  suggested  that  deflection  measurements 
taken  as  shown  in  Figure  3.  9,  in  conjunction  with  data  concerning  the 
floor  beams,  could  provide  the  required  information.  Subsequent 
study  of  the  slope-deflection  analysis,  however,  obviated  the  use  of 
this  information. 

Floor  beams.  For  the  1959  test,  none  of  the  floor  beams  had 
been  adequately  instrumented.  One  strain  gauge  station  was  located 
at  each  end  of  each  beam.  The  center  floor  beam  had  two  additional 
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stations,  located  approximately  at  the  two  load  points.  To  permit 
investigation  of  the  possibility  of  load  transfer  to  adjacent  beams,  more 
complete  information  was  required  concerning  the  bending  moments  in 
the  beams.  Moreover,  the  analysis  in  Appendix  B  being  valid  for  wide- 
flange  and  I-sections,  stations  of  only  four  gauges  each  were  necessary 
(Figure  3.  7).  Three  stations  were  added  to  each  floor  beam  other  than 
the  center  one,  as  shown  in  Figure  3.  5,  Between  the  July  and  October 
tests,  an  unfortunate  omission  was  rectified  with  the  addition  of  a 
gauge  station  near  the  middle  of  the  center  floor  beam. 

Vertical  deflections  were  measured  as  in  the  1959  test,  by 
means  of  scales  hanging  from  the  ends  and  middle  of  each  floor  beam 
(Figure  3.  10). 

Other  members.  All  of  the  web  members,  including  the  end 
diagonals,  were  important  in  the  consideration  of  load  transfer.  Thus 
strain  measurements  were  carried  out  for  all  of  these  members. 
Laboratory  tests  were  carried  out  on  both  a  single-angle  and  a  double¬ 
angle  member.  The  single-angle  test  verified  the  results  of  a  similar 
test  carried  out  by  Mr.  Lukawitski,  but  the  double-angle  test  indicated 
that  simply  averaging  the  eight  strain  readings  does  not  give  a 
satisfactory  indication  of  the  axial  load.  This  latter  test  notwithstand¬ 
ing,  the  instrumentation  on  the  double-angle  members  was  not  altered, 
as  no  more  suitable  arrangement  of  gauges  was  discovered. 
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III.  METHOD  OF  LOADING 

In  both  I960  tests,  two  fifty-ton  hydraulic  jacks,  fitted  with 
calibrated  pressure  gauges,  were  used  to  apply  load  to  the  bridge.  The 
jacks  were  calibrated  in  the  200,000-pound  Baldwin  testing  machine  at 
the  University  of  Alberta.  As  in  the  earlier  test,  the  jacks  were  placed 
symmetrically  six  feet  apart  and  reacted  against  the  loading  beams 
installed  at  that  time.  The  entire  reaction  system  is  shown  in  Figure 
3.  11. 

The  July  test.  The  loading  used  in  the  July  test  was  identical 
to  that  used  in  the  1959  test;  that  is,  the  entire  load  was  applied  to  the 
center  floor  beam.  The  photograph  of  Figure  3.  12  shows  the  jacks  in 
use. 


The  October  test.  For  the  October  test,  a  different  distribution 
of  load  was  used.  Several  simple  beams  were  arranged  such  that  about 
41,4%  of  the  load  was  applied  to  the  center  floor  beam,  and  about  29.3% 
to  each  of  the  two  adjacent  floor  beams.  The  resulting  loads  on  the  five 
floor  beams  were  in  the  ratio  of  0  ;  0,707  :  1,00  :  0,707  :  0,  a  sine-wave 
distribution.  The  erection  drawing  for  this  loading  system  is  seen  in 
Figure  3.  13,  while  Figures  3.  14  and  3.  15  are  photographs  of  it, 

IV.  THE  TEST  PROCEDURE 


As  in  the  1959  test,  the  loading  was  carried  out  at  night  because 
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FIGURE  3.11  -  REACTION  SYSTEM 
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6Z 

of  the  adverse  effect  of  sunlight  on  the  strain  gauges.  The  iiight  before 
each  test,  a  trial  loading  was  applied,  and  complete  sets  of  readings 
taken,  including  zero  readings  before  and  after  each  loading.  This 
procedure  served  as  a  check  on  the  instruments  and  the  gauges,  as 
well  as  providing  a  correlation  for  actual  test  readings  whenever  they 
were  in  doubt  during  analysis  of  the  data.  In  addition,  on  the  evening 
of  the  test,  the  bridge  was  loaded  conservatively  and  unloaded  several 
times  prior  to  the  test  itself. 

Before  applying  the  first  load  increment,  initial  readings  were 
taken  of  all  instrumentation.  Load  was  then  applied  in  five  or  ten-ton 
increments  (see  Chapter  IV),  complete  sets  of  readings  being  taken 
for  each  increment. 

Two  persons  operated  the  jacks,  as  shown  in  Figure  3,  12, 

Each  read  his  gauge  aloud  during  increase  of  load  in  order  that  the 
rates  of  application  would  be  approximately  equal. 

As  the  failure  load  was  approached,  strain  and  deflection 
readings  could  not  be  held  constant,  so  recording  of  them  was 
abandoned.  Jacking  was  continued  until  the  pressure  gauges  would  not 
register  any  increase  in  load  despite  movement  of  the  piston,  and  until 


buckling  occurred. 


63 


CHAPTER  IV 

RESULTS  OF  LOAD  TESTS 

The  results  presented  herein  have  been  derived  from  the 
observations  carried  out  during  the  tests  described  in  the  preceding 
chapter.  It  should  be  understood  that,  due  to  circumstances,  the  load 
tests  were  completed  before  a  detailed  study  could  be  made  of  the 
slope-deflection  analysis  presented  in  Chapter  II.  Obviously,  then,  the 
test  program  could  not  be  designed  specifically  to  verify  the  theory; 
indeed,  it  has  proven  impossible  to  exactly  correlate  the  experimental 
and  analytical  results,  in  those  cases  where  any  comparison  at  all  was 
feasible. 

Nevertheless,  information  obtained,  but  which  does  not  pertain 
directly  to  the  analysis,  is  presented  in  the  interests  of  completeness, 
and  with  a  view  to  exhibiting  the  general  behavior  under  load  of  a 
single-span  pony-truss  bridge. 

I.  VERTICAL  DEFLECTIONS 

As  stated  in  Chapter  III,  the  vertical  deflections  of  the  lower 
chord  panel  points,  and  of  the  floor  beam  centerlines,  were  measured. 
Certain  of  these  were  recorded  graphically  during  testing,  in  order 
that  any  indication  of  incipient  collapse  might  be  readily  observed,  as 
manifest  by  an  abnormally  rapid  increase  in  deflection  versus  load. 
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Tlie  deflections  have  been  tabulated  in  Tables  4.  1  and  4.2,  anrl  the  load- 
deflection  relationships  are  illustrated  diagrammatically  in  Figures  4,  1 
through  4.  7, 

A  few  words  should  be  included  concerning  the  accuracy  of  the 
vertical  deflection  readings.  A  comparison  of  the  results  of  the  July 
and  October  tests  would  suggest  that  somewhat  less  care  was  taken 
during  the  latter.  The  reader  is  referred  particularly  to  Table  4.  2  and 
to  Figures  4.  2,  4.  3  and  4.  5.  Examining  Table  4.  2  more  closely,  it 
will  be  noted  that  the  deflections  recorded  for  the  north  truss  exceed 
those  recorded  for  the  center  of  the  floor  beams.  This  is  obviously 
impossible  under  the  loading  conditions  imposed.  When  the 
deflections  of  the  north  truss  are  shown  graphically,  however,  as  in 
Figure  4,3,  it  becomes  apparent  that  the  initial  readings  were  in  error. 
Straight  lines  have  been  projected  back  to  the  zero  axis,  giving  0.  5, 

1,0  and  1,5  inches  for  three  initial  readings.  It  is  impossible  to  more 
than  merely  speculate  as  to  the  exact  causes  of  these  errors;  they  may 
have  been  human  or  mechanical.  The  curves  shown  in  Figure  4,4  and 
corresponding  to  those  shown  in  Figure  4.  3,  then,  have  been  corrected 
to  zero  as  indicated  by  Figure  4.3. 

One  further  comment  is  necessary  with  regard  to  accuracy. 

The  curves  for  the  north  truss,  July  test,  suffer  a  distinct  and 
mutually  similar  discontinuity.  Such  a  discontinuity  might  be  produced 
by  a  sudden  shift  of  load  from  that  truss.  If  this  were  the  case,  the 
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TABLE  4.  1 

VERTICAL  DEFLECTIONS,  JULY  TEST 


LOAD,  TONS 

PANEL 

POINT 

10 

20 

30 

35 

40 

NORTH  TRUSS 

2 

0,  12 

0.  23 

0.  34 

0.  36 

0.45 

3 

0.  22 

0.42 

0.  71 

0.  61 

0.  72 

4 

0.31 

0.  60 

1. 07 

0.  88 

1. 04 

5 

0,  21 

0.43 

0.  79 

0.  60 

0.  70 

6 

0.  11 

0.  23 

0.  33 

0.39 

0.43 

CENTER  OF  BEAM 

2 

0.  10 

0.  19 

0.  30 

0.  37 

0,40 

3 

0.  24 

0.45 

0,  66 

0.  77 

0.  87 

4 

0.45 

0.91 

1.  32 

1.  56 

1.  81 

5 

0.  24 

0.47 

0,  68 

0.79 

0.  89 

6 

0.  12 

0.  22 

0.  33 

0.  36 

0.43 

SOUTH  TRUSS 

2 

0.  1 1 

0.21 

0.31 

0.40 

0.44 

3 

0.  20 

0.42 

0.  62 

0.  78 

0.  88 

4 

0.  27 

0.  60 

0.  85 

1.  03 

1.  19 

5 

0.  21 

0.42 

0.  63 

0.  74 

0.  87 

6 

0.  12 

0.  23 

0.  33 

0.41 

0.45 

Deflections  in  inches,  positive  downward. 
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TABLE  4.  2 

VERTICAL  DEFLECTIONS,  OCTOBER  TEST 


LOAD,  TONS 

PANEL 

POINT 

10 

20 

30 

40 

50 

NORTH  TRUSS 

2 

0.  05 

0.34 

0.45 

0,  53 

0.  62 

3 

0.  78 

1.  83 

2.  00 

2.  16 

2.  30 

4 

1.  19 

1.42 

1.  70 

1,  87 

2,  07 

5 

0.69 

0.  90 

1.  08 

1.  27 

1.  50 

6 

0.  15 

0.  25 

0.  35 

0.46 

0.  57 

CENTER  OF  BEAM 

2 

0.  01 

0.  20 

0.  31 

0.40 

0.56 

3 

0.  05 

0.45 

0,  74 

0.  87 

1.  24 

4 

0.  14 

0.  59 

0.90 

1.  22 

1.  60 

5 

0.  25 

0.48 

0.  71 

0.  99 

1.29 

6 

0.  10 

0.  20 

0.  30 

0.40 

0,  50 

SOUTH  TRUSS 

2 

0.  10 

0.  19 

0.29 

0.40 

0.42 

3 

0.  04 

0.29 

0.43 

0.  62 

0.  97 

4 

0.  20 

0.  60 

0.  65 

0.  95 

1.  08 

5 

0,  18 

0.  55 

0.  65 

0.  89 

1.01 

6 

0.  07 

0.  17 

0.  27 

0.40 

0.  50 

Deflections  in  inches,  positive  downward. 
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VERTICAL  DEFLECTION,  DOWNWARD  POSITIVE  -  INCHES 


VERTICAL  DEFLECTION,  DOWNWARD  POSITIVE  -  INCHES 


THEORETICAL  DEFLECTIONS  ILLUSTRATED  BY  SOLID  LINES 

FIGURE  4.1  -  VERTICAL  DEFLECTIONS  OF  NORTH  TRUSS 

JULY  TEST 
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VERTICAL  DEFLECTION,  DOWNWARD  POSITIVE  -  INCHES 


VERTICAL  DEFLECTION,  DOWNWARD  POSITIVE  -  INCHES 


THEORETICAL  DEFLECTIONS  ILLUSTRATED  BY  SOLID  LINES 

FIGURE  4.2  -  VERTICAL  DEFLECTIONS  OF  SOUTH  TRUSS 

JULY  TEST 
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VERTICAL  DEFLECTION,  DOWNWARD  POSITIVE  -  INCHES 


FIGURE  4.4  -  VERTICAL  DEFLECTIONS  OF  NORTH  TRUSS 

OCTOBER  TEST 
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VERTICAL  DEFLECTION,  DOWNWARD  POSITIVE  -  INCHES 


VERTICAL  DEFLECTION,  DOWNWARD  POSITIVE  -  INCHES 
THEORETICAL  DEFLECTIONS  ILLUSTRATED  BY  SOLID  LINES 

FIGURE  4.5  -  VERTICAL  DEFLECTIONS  OF  SOUTH  TRUSS 

OCTOBER  TEST 
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BROKEN  LINES  ILLUSTRATE  AVERAGE  DEFLECTIONS  OF  ENDS  OF  BEAMS 


FIGURE  4.6  -  VERTICAL  DEFLECTIONS  OF  FLOOR  BEAM 
CENTERLINES  -  JULY  TEST 
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effects  would  certainly  be  detectable  elsewhere;  for  example,  the 
deflection  curves  for  the  south  truss  could  be  expected  to  show  some 
corresponding  discontinuity,  as  could  the  beam  center-line  deflections. 
There  is  no  evidence,  however,  that  a  shift  in  the  load  did  occur. 

Rather  it  would  appear  that  the  steel  wire  used  as  a  measuring  datum 
was  disturbed,  an  explanation  made  the  more  plausible  by  the  fact  that 
the  tests  were  conducted  outdoors  during  the  night. 

Truss  deflections.  Figures  4.1,  4.  2,  4.  4  and  4.  5  depict  the 
vertical  deflections  of  the  lower  chord  panel  points  of  the  trusses. 

While  the  curves  are  not  truly  linear,  neither  do  they  display  evidence 
of  instability  in  the  load  range  shown.  The  solid  straight  lines 
represent  the  simple  theoretical  truss  deflections,  computed  by  the 
method  of  virtual  work.  It  must  be  recognized,  however,  that  the  true 
theoretical  deflections  would  differ  somewhat,  because  each  truss  is 
warped  out  of  its  original  plane  during  loading.  This  fact  notwithstand¬ 
ing,  the  experimental  curves  agree  reasonably  well  with  the  so-called 
theoretical.  This  is  true  even  in  the  case  of  the  north  truss,  October 
test  (Figure  4.4),  further  substantiating  the  remarks  concerning  the 
initial  readings. 

Beam  deflections.  The  deflections  of  the  beam  centerlines  are 
shown  in  Figures  4.  6  and  4.  7.  They  have  been  measured  relative  to  a 
fixed  datum,  and  consequently  include  the  effects  of  the  truss  deflections. 
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Tlie  curves  for  the  July  test  rlisplay  marked  Linearity,  while  those  for 
the  October  test  show  the  same  erratic  pattern  which  characterizes  the 
corresponding  truss  deflections.  The  broken  lines  represent  the 
average  of  the  north  and  south  truss  deflections  at  the  same  panel  point, 
and  hence  the  deflection  of  the  beam  centerline  if  no  moment  were 
applied  to  the  beam,.  Thus  the  departure,  if  any,  of  the  actual 
deflections  from  these  lines  is  a  rough  measure  of  the  bending  moment 
induced  in  the  beam.  On  this  basis,  it  would  appear  that  beams  two, 
three,  five  and  six  in  the  July  test,  and  beams  two  and  six  in  the 
October  test,  carried  virtually  no  load.  It  should  be  appreciated  that 
the  severe  discontinuities  appearing  in  the  broken  lines  of  Figure  4.6 
simply  manifest  the  effect  of  the  recorded  July  deflections  of  the  north 
truss.  An  explanation  of  the  latter  has  already  been  advanced;  the 
linearity  of  the  beam  deflections  seems  to  corroborate  this  explanation, 

II.  WEB  MEMBERS 

The  classification  "web  members"  includes  here  the  diagonal 
and  vertical  members  of  the  truss,  including  the  end  diagonals.  These 
two  types  of  member  will  be  discussed  independently,  since  the  action 
of  the  vertical  members  of  a  pony-truss  is  quite  distinct  from  that  of 
the  diagonals. 

Diagonal  Members.  The  end  and  first  interior  diagonals  of  the 


truss  consisted  of  double  angle  members,  and  the  remaining  diagonals 
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of  single  angles. 

Of  the  experimental  data  accumvilated  during  the  tests,  that 
relating  to  the  double  angle  diagonal  was  least  satisfac,tory . 

Lukawitski's  results^^^  indicated  that  the  axial  strain  in  such  a  member 
could  be  found  by  merely  averaging  the  strain  measurements  taken  as 
outlined  in  Chapter  III.  Because  of  this,  no  change  was  made  in  the 
strain  gauge  positions  for  the  present  tests.  Subsequent  analysis  of  the 
results  of  these  tests,  however,  suggested  that  the  simple  average  of 
the  strain  readings  does  not  represent  the  axial  strain.  The  total  load 
applied  to  the  truss,  as  determined  from  the  so-called  axial  strains  in 
the  diagonals,  was  found  to  be  in  disagreement  with  the  actual  applied 
load.  Consequently,  a  double  angle  member  was  tested  in  tension  at 
the  University  of  Alberta,  the  results  confirmiiig  that  it  is  impossible 
to  obtain  the  axial  strain  in  such  a  member  using  strain  gauges  in  the 
manner  in  which  they  were  used  on  the  bridge.  Since  this  part  of  the 
test  data  has  thereby  been  rendered  useless,  it  has  not  been  presented 
herein. 

Lukawitski's  treatment  of  the  single  angle,  however,  is 
eminently  successful,  at  least  for  tension  members.  His  method  of 
measuring  the  axial  strain  was  verified  by  the  author  in  a  laboratory 
tension  test.  Accordingly,  the  axial  strains  in  the  single  angle  diagonal 
have  been  presented  in  Figures  4.8  through  4.  11,  In  each  diagram,  the 
solid  straight  line  indicates  the  theoretical  load-strain  relationship. 
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FIGURE  4.10  -  AXIAL  STRAINS  IN  SINGLE  ANGLE  MEMBERS 
NORTH  TRUSS  -  OCTOBER  TEST 
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It  will  be  noted  that  the  measured  strains  almost  without 
exception  fall  short  of  the  theoretical,  although  in  many  cases  the 
departure  is  slight.  In  general,  the  tension  member  strains  conform 
more  closely  to  the  theoretical.  Whether  this  indicates  an  actual  drop¬ 
ping  off  of  the  load  in  the  compression  members,  or  whether  the 
method  of  determining  the  axial  strain  is  not  valid  for  compression 
members,  cannot  be  rigorously  demonstrated.  It  is  not  unreasonable 
to  suspect  that  the  rate  of  axial  strain  in  the  compression  diagonals 
did  decrease  as  they  became  bowed.  Under  such  circumstances, 
however,  the  rate  of  axial  strain  in  the  tension  diagonals  could  be 
expected  to  increase.  Such  increase  is  not  apparent. 

Attention  is  now  directed  to  the  fact  that  the  summation  of  the 
vertical  components  of  the  forces  in  the  diagonal  web  members  adjacent 
to  any  panel  point  of  the  bridge  must  equal  the  external  vertical  load 
applied  to  that  panel  point.  Applying  this  law  of  statics,  it  is  obvious 
from  Figures  4,  8  through  4,  11  that  the  center  panel  point  load,  as  thus 
determined,  is  exceeded  by  the  actual  load  applied  to  the  bridge  deck 
at  the  center  panel  point.  Hence,  if  the  axial  strains  shown  in  these 
diagrams  are  accepted  as  correct,  then  a  portion  of  the  load  must  have 
been  transferred,  presumably  by  the  decking,  to  other  panel  points. 

On  the  other  hand,  it  is  difficult  to  conceive  that,  in  the  event  of  load 
transfer,  the  tension  members  would  not  show  a  decrease  in  stress 
proportional  to  that  shown  by  the  compression  members. 
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This  conflict  might  be  resolved  if  the  other  panel  points  of  the 
bridge  were  similarly  analyzed.  All  other  panel  points  involved  double 
angle  members,  however,  and  it  has  been  noted  previously  that 
reliable  information  concerning  such  members  is  not  available. 

Vertical  members.  Whereas  the  diagonal  member  is  of 
interest  only  in  terms  of  its  axial  stress,  the  vertical  member 
fulfills  an  important  function  in  its  role  of  providing  lateral  support 
to  the  top  chord. 

As  the  top  chord  deflects  laterally,  bending  stresses  are 
induced  in  the  vertical.  Furthermore,  since  the  vertical  acts 
integrally  with  the  floor  beam,  bending  of  the  latter  also  produces 
bending  stresses  in  the  vertical,  if  it  is  restrained  at  the  top, 

/  Q  \ 

L/ukawitski  has  pointed  out'  '  that,  in  the  absence  of  external  loads 
applied  to  the  floor  beam,  a  linear  relation  should  prevail  between 
the  lateral  deflection  of  the  top  of  the  vertical,  and  the  bending  moment 
at  any  given  point  on  the  vertical.  It  follows,  then,  that  the  moment- 
deflection  diagram  for  a  given  vertical  should  indicate,  by  reason  of 
its  linearity  or  non-linearity,  the  absence  or  presence,  respectively, 
of  external  load  on  the  attached  floor  beam.  Moreover,  there  should 
exist  a  so-called  spring  constant  for  each  cross-frame  where  the  floor 
beam  is  not  loaded,  Lukawitski  has  considered  one-half  of  the  cross - 
frame  as  a  cantilever,  assuming  the  floor  beam  to  be  fixed  in  bending 
at  its  point  of  zero  rotation,  that  is,  at  the  centerline  of  the  cross- 
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frame.  The  spring  constant,  defined  as  tJie  Load  required  to  deflect 
the  top  of  the  vertical  througli  a  distance  of  one  incli  in  the  plane  of  the 
cross-frame,  thus  determined  has  a  value  of  2.16  kips  per  inch. 

Figures  4.  12  through  4.  17  show  the  bending  -  lateral  deflection 
relationships  for  the  vertical  members.  The  solid  straight  lines 
represent  Lukawitski's  theoretical  spring  constant.  Figures  4.  12, 

4,  13,  and  4,  15  pertain  to  those  verticals  whose  connecting  floor  beams 
were  theoretically  not  loaded  during  the  tests.  Marked  linearity 
may  be  generally  observed  among  these  diagrams,  as  well  as 
fairly  good  agreement  with  the  theoretical  lines.  This  becomes 
particularly  apparent  when  Figures  4,  14,  4.  16,  and  4.  17  are  examined. 
These  curves  display  considerable  departure  both  from  linearity,  and 
from  the  theoretical. 

Although  it  is  recognized  that  the  above-mentioned  diagrams 
are  but  a  qualitative  indication  of  the  presence  or  absence  of  external 
load  on  the  floor  beams,  it  is  felt  that  there  is  strong  evidence  of  the 
validity  of  Lukawitski's  argument, 

III.  FLOOR  BEAMS 

With  the  exception  of  the  center  floor  beam  during  the  July 
test,  strain  readings  were  taken  at  five  locations  along  the  length  of 
each  beam.  In  the  excepted  case,  the  station  at  the  center-line  of  the 


beam  was  inadvertently  omitted. 
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The  results  of  these  strain  readings  appear  to  be  quite  reliable. 
Such  deficiencies  as  exist  are  the  result  not  of  inaccuracy,  but  of  an 
insufficient  number  of  strain  gauge  stations  on  each  beam. 

Distribution  of  load  on  an  individual  beam.  In  the  early  stages 
of  the  analysis  of  the  experimental  data,  it  was  hoped  that  information 
concerning  the  distribution  of  load  on  a  floor  beam  could  be  derived 
from  the  slope  of  the  measured  bending  moment  diagram,  through 
successive  differentiations.  Lacking  strain  measurements  at  the  ends 
of  the  floor  beams,  the  bending  moments  in  the  verticals  were 
extrapolated,  assuming  the  latter  members  to  be  simple  cantilevers, 
to  provide  end  moments.  This  procedure  yielded  seven  points  on  each 
bending  moment  curve.  By  means  of  an  electronic  computer,  a  sixth 
order  polynominal  was  fitted  to  these  points,  and  the  resulting  equations 
were  differentiated  twice,  with  the  machine  printing  coordinates  for 
both  the  shearing  force  and  the  loading  diagrams. 

The  shearing  force  at  the  end  of  a  beam,  and  hence  the  total 
load  on  the  beam,  is  extremely  sensitive  to  the  end  slope  of  the  bending 
moment  diagram.  This  slope  proved,  in  the  test  results,  to  be 
extremely  sensitive,  in  turn,  to  the  extrapolated  end  moment  in  the 
beam.  Examination  of  the  experimental  bending  moment  diagrams, 
typical  of  which  are  those  shown  in  Figures  4,18  and  4,19,  showed  that 
even  a  small  error  in  the  extrapolated  end  moment  could  produce  a 


serious  error  in  the  end  slope  of  the  moment  diagram.  Furthermore, 
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the  moment  diagrams  strongly  suggested  that  the  end  moments  were 
indeed  slightly  incorrect. 

Curves  were  nevertheless  successfully  fitted  to  the  data  as 
presented  to  the  computer.  The  resulting  shearing  force  and  loading 
diagrams  were,  however,  entirely  unsatisfactory  in  terms  of  the  known 
total  loads,  confirming  the  observations  made  in  the  foregoing 
paragraph.  So  the  determining  of  the  exact  magnitude  and  distribution 
of  load  on  a  floor  beam  was  found  to  be  impossible. 

Distribution  of  load  on  a  beam  as  related  to  the  Slope-Deflection 
Analysis.  It  will  be  recalled  that  the  solution  of  the  slope-deflection 
equations  of  Chapter  II  requires  a  knowledge  of  the  fixed-end  moments 
which  would  be  produced  in  the  floor  beams  by  the  actual  loads.  In 
order  to  compare  directly  the  analysis  and  the  test  results,  it  became 
necessary  to  discover  some  load  distribution  which  would  produce 
bending  moment  diagrams  approaching  those  found  in  the  tests.  An 
attempt  was  made  for  the  October  data  to  break  down  the  measured 
bending  moment  curves  into  component  bending  moments  due  to  end 
moments,  two  symmetrically  placed  but  unequal  concentrated  loads,  a 
uniformly  distributed  load,  and  a  parabolically  distributed  load.  There 
were  thus  established  six  unknowns.  The  actual  moment  of  any  point 
on  a  beam  could  then  be  equated  to  the  sum  of  the  moments  at  that 
point  due  to  the  chosen  loading  components.  Since  moments  were 
known  at  five  points,  five  equations  could  be  set  up.  The  necessary 
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sixth  equation  expressed  the  fact  that  the  sum  of  the  load  components 
was  equal  to  the  total  load.  A  set  of  equations  was  solved  for  each  load 
increment  and  for  each  loaded  beam  in  the  October  test.  In  general, 
the  results  indicated  that  the  bending  moment  diagrams  were  most 
strongly  influenced  by  the  parabolic  component  of  the  load,  although 
the  proportions  varied.  The  actual  numerical  values  cannot  be 
considered  significant. 

The  bending  moment  curves  produced  by  both  uniform  and 
parabolic  loads  were  then  superimposed  on  the  experimental  moment 
diagrams  in  order  to  make  a  visual  comparison.  The  curves  due  to 
the  parabolic  loading  were  seen  to  more  closely  approximate  the  shape 
of  the  experimental  diagrams,  making  allowance  for  vertical 
displacement  due  to  the  unknown  end  moments. 

A  simple  theoretical  investigation  disclosed  that,  where  the 
total  load  is  the  same  regardless  of  distribution,  the  fixed-end  moment 
due  to  a  parabolic  load  falls  almost  midway  between  those  due  to  a 
uniform  load  and  two  equal  concentrated  loads  positioned  as  in  the 
tests.  Since  the  actual  load  distribution  on  a  beam  was  undoubtedly 
between  these  limits,  it  was  decided  that  using  a  parabolic  load 
distribution  to  compute  fixed-end  moments  would  probably  be  the  most 
satisfactory  method. 

Although  these  remarks  have  been  concerned  primarily  with 
the  October  test,  because  of  the  suitability  of  that  data,  it  was  felt 
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nonetheless  that  the  load  distribution  in  the  July  test  would  not  differ 
materially,  and  a  parabolic  distribution  was  again  used. 

Distribution  of  load  among  the  floor  beams.  Figures  4.  20  and 
4.21  illustrate  load-moment  relationships  for  corresponding  points  on 
all  floor  beams.  That  is  to  say,  each  diagram  comprises  bending 
strains  measured  at  the  same  relative  position  on  every  floor  beam. 
Since  the  measured  bending  moment  curves  are  similar  in  shape  for 
all  floor  beams,  it  is  possible  to  gain  some  impression  of  the  relative 
magnitude  of  the  load  carried  by  each  beam. 

Tentatively  accepting  the  curves  as  indicating  moment  due  only 
to  external  load,  it  is  obvious  that  at  no  time  does  any  theoretically 
unloaded  beam  carry  significantly  more  than  about  ten  percent  of  the 
load  applied  to  the  most  heavily  loaded  beam.  In  the  case  of  the 
October  test,  Figure  4.21,  there  is  fairly  satisfactory  evidence  that 
the  beam  adjacent  to  the  center  floor  beam  carried,  as  planned,  loads 
of  approximately  70,  7  percent  of  the  magnitude  of  the  load  on  the 
center  beam. 

These  curves,  however,  include  not  only  the  effects  of  external 
load,  but  also  the  effects  of  end  moment  on  the  floor  beams.  If  the 
moments  in  the  verticals  are  examined  closely,  it  will  be  found  that 
in  virtually  every  case  the  direction  of  moment  induced  by  the  vertical 
at  the  end  of  the  floor  beam  would  tend  to  produce  the  deviations  from 
"theoretical"  in  the  directions  seen  in  Figures  4.  20  and  4.  21. 
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It  is  not  suggested  that  the  only  source  of  discrepancy  in  the 
measured  floor  beam  bending  moments  is  the  action  of  the  vertical 
members.  It  is  suggested,  however,  that  any  unaccounted  for 
discrepancies  are  of  such  magnitude  as  to  be  of  little  significance. 

IV,  LOAD  TRANSFER 

The  term  "load  transfer"  has  been  used  in  reference  to  the 
phenomenon  whereby  load  applied  to  one  floor  beam  may  be  partially 
distributed,  or  transferred,  to  adjacent  or  other  floor  beams,  primar¬ 
ily,  it  is  supposed,  through  the  action  of  the  floor  deck.  Some 
controversy  exists  concerning  whether  or  not,  and  to  what  degree, 
load  transfer  occurs  in  a  bridge  of  this  type.  Despite  the  absence  of 
conclusive  supporting  evidence,  it  is  the  opinion  of  the  author  that, 
while  some  transfer  of  load  does  take  place,  the  amount  is  negligible. 
This  conclusion  has  been  reached  on  the  basis  of  information  contained 
in  the  preceding  sections  of  this  chapter,  and  to  which  reference  is 
made  below. 

Beam  deflections.  The  centerline  deflections  of  the  floor  beams 
as  compared  with  their  end  deflections  would  indicate  very  little,  if 
any,  load  transfer. 

Diagonal  members.  The  available  data  for  the  diagonals  tends 


to  confirm  the  absence  of  appreciable  load  transfer. 
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Vertical  members.  Tlie  moment-deflection  relationships  for 
the  verticals  further  suggest  that  only  nominal  load  transfer  occurs. 

Floor  beams.  Whereas  data  concerning  the  floor  beams  should 
have  definitively  answered  the  load  transfer  question,  circumstances 
previously  described  in  detail  have  prevented  more  than  another 
qualitative  evaluation.  Even  this,  however,  agrees  with  other 
indications . 

For  these  reasons,  then,  the  author  feels  justified  in  stating 
that  the  amount  of  load  transferred  from  one  beam  to  another,  by  the 
bridge  deck  or  other  means,  is  very  small  and  could  be  ignored  in 
analysis . 

V.  COLLAPSE  OF  THE  BRIDGE 

In  both  of  the  I960  tests  the  actual  collapse  of  the  bridge  was 
accompanied  by  the  yielding  of  the  top  chord  of  the  south  truss.  The 
distribution  of  load  on  the  bridge,  however,  played  an  important  part 
in  determining  the  manner  in  which  failure  was  initiated.  An  attempt 
has  been  made  to  explain  both  failures  with  reference  to  the  buckling 
analysis  presented  in  Chapter  II, 

At  this  point,  it  might  be  well  to  emphasize  that  the  afore¬ 
mentioned  analysis  is  an  analysis  of  only  the  stability  of  the  top  chord 
of  the  truss.  Buckling  of  the  top  chord  does  not  necessarily  imply 
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collapse  of  either  the  truss,  or  of  tlie  bridge  as  a  whole.  Unless  other¬ 
wise  specified,  collapse  shall  be  taken  to  mean  collapse  of  the  bridge, 
irrespective  of  the  immediate  cause. 

The  analysis  requires  that  the  state  of  stress  in  each  member 
be  known  relative  to  the  yield  stress,  and  relative  to  local  elastic 
instability.  The  value  of  the  modulus  of  elasticity  is  an  integral  part 
of  the  stiffness  of  a  member,  and  in  order  to  accurately  evaluate  the 
collapse  load,  the  proper  modulus,  whether  the  modulus  of  elasticity, 
or  the  tangent  modulus,  must  be  employed.  The  use  of  such  a 
refinement  as  the  tangent  modulus,  however,  calls  for  a  detailed 
knowledge  of  the  stress-strain  curve;  at  best  its  value  is  a  matter  of 
controversy.  For  this  reason,  the  computer  program  was  set  up  to 
accept  only  one  value  of  the  modulus  of  elasticity  for  use  throughout 
the  bridge.  Any  member  whose  stress  exceeded  the  yield  stress  was 
considered  to  have  a  stiffness  equal  to  zero,  and  the  pertinent  input 
data  could  be  altered  to  produce  this  effect  in  the  analysis. 

The  buckling  load  as  calculated  by  the  previously  described 
method  of  determinants  therefore  represents,  in  general,  the  load 
which  could  be  attained  if  neither  yielding  nor  local  buckling  of  any 
member  occurred.  Theoretically,  buckling  of  the  top  chord  would 
occur  unaccompanied  by  any  yielding. 

In  actuality,  it  is  unlikely  that  so  high  a  load  could  be  reached. 


since  secondary  stresses  would  produce  yielding  at  a  much  lower  load. 
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thus  changing  the  state  of  equilibrium  of  the  top  chord.  Such  indeed 
was  the  case  with  the  present  tests.  In  each,  the  true  collapse  load 
was  far  less  than  the  predicted  elastic  buckling  load. 

The  July  test.  The  collapse  load  found  in  the  July  test  was  45 
tons.  A  single  plastic  hinge  formed  in  the  top  chord  of  the  south  truss 
shortly  after  the  failure  load  was  reached.  Figure  4.22  shows  a 
general  view  of  the  bridge  following  the  test.  The  south  truss  is  on 
the  left,  and  the  plastic  hinge  is  readily  visible.  It  might  be  observed 
that  the  darker-colored  members  in  the  photograph  were  those  which 
were  purchased  to  replace  the  members  damaged  in  the  1959  test.  The 
south  chord  is  shown  more  clearly  in  Figure  4,  23.  Figure  4.  24 
illustrates  the  behavior  of  the  member  at  the  plastic  hinge.  Only  one 
photograph  is  available  which  was  taken  during  the  test.  Repeated 
flash  failure  has  resulted  in  multiple  exposure  of  the  light  bulbs  and 
numerous  bright  reflections.  Despite  these  shortcomings.  Figure  4.25 
shows  fairly  clearly  the  shape  of  the  south  chord  prior  to  collapse. 

As  has  been  pointed  out,  the  loading  conditions  of  the  July  test 
were  such  that  the  entire  load  was  applied  to  the  center  floor  beam. 
Disregarding  possible  yielding  of  any  bridge  members,  determinants 
were  computed  for  loads  ranging  from  38  to  50  tons.  These  are  shown 
graphically  in  Figure  4.  26(a).  The  predicted  buckling  load  obviously 
exceeds  50  tons. 


It  is  known  from  the  1959  test,  however,  that  the  center  floor 
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FIGURE  4.22  -  TEST  BRIDGE  -  JULY  TEST  (LOOKING  WEST) 
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FIGURE  4.23  -  SOUTH  TRUSS  -  JULY  TEST 
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CURVE  (a);  NO  LOCAL  BUCKLING  NOR  YIELDING  THROUGHOUT  BRIDGE 
CURVE  (b):  PLASTIC  HINGE  IN  CENTER  FLOOR  BEAM 

FIGURE  4.26  -  DETERMINANTS  OF  COEFFICIENTS 
OF  SLOPE-DEFLECTION  EQUATIONS  -  JULY  TEST 
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beam  yielded  at  a  load  somewhere  in  the  range  of  from  25  to  30  tons, 
and  that  a  so-called  plastic  hinge  had  certainly  formed  (see  Figure  3.4) 
by  the  time  the  load  had  passed  40  tons.  This  phenomenon  effectively 
reduced  the  stiffness  of  the  floor  beam  to  zero.  Because  the  failure 
load  of  the  July  test  exceeded  that  of  the  1959  test  by  some  three  tons, 
the  strains  in  the  floor  beam  had  passed  the  strain-hardened  proportion¬ 
al  limit,  and  a  plastic  hinge  again  existed.  The  computer  input  data 
was  therefore  adjusted  to  set  equal  to  zero  the  stiffness  of  the  center 
floor  beam.  Determinants  were  recomputed,  this  time  with  the  results 
shown  in  Figure  4,  26(b),  The  buckling  load  thus  predicted  is  seen  to 
be  47,3  tons,  comparing  favorably  with  the  experimental  value  of 
45  tons. 

It  is  important  to  realize  that  the  buckling  of,  or  even  the 
formation  of  a  plastic  hinge  in,  the  top  chord  would  in  itself  be 
insufficient  to  cause  collapse  of  the  truss.  A  consideration  of  statics 
(Figure  4,  27)  shows  that  due  to  the  statical  indeterminacy  of  the  truss, 
the  yielded  member  could  actually  be  removed  without  causing 
instability.  In  order  for  the  truss  to  collapse,  one  of  the  diagonal 
members  would  have  to  be  incapacitated.  Probably  the  diagonal  initial¬ 
ly  in  compression  would  buckle,  especially  since  the  force  in  the  ten¬ 
sion  diagonal  would  be  reduced.  No  evidence  of  this  was  found,  how¬ 
ever  (see  Figure  4.22),  and  it  is  therefore  supposed  that  the  truss 
itself  did  not  collapse. 
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The  collapse  of  the  bridge  may  be  explained  as  follows,  with 
reference  to  Figure  4.  Z8: 


F igure  4.  28 


Figure  4.28(a)  represents  the  equilibrium  condition  of  the  center  floor 
beam  just  prior  to  buckling  of  the  top  chord.  The  outward  forces  at  the 
top  of  the  verticals  produce  end  moments  on  the  floor  beam,  preventing 
excessive  deflection  of  the  latter.  Elastic,  buckling  of  the  top  chord, 
however,  permits  the  top  of  the  vertical  to  move  inward  without  any 
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increase  in  the  lateral  force.  Thus  any  attempted  increase  in  the  load 
on  the  floor  beam  merely  increases  the  lateral  deflection  of  the 
vertical,  and  hence  the  vertical  deflection  of  the  beam,  since  the  top 
chord  can  sustain  no  additional  lateral  force.  This  explains  why, 
during  the  test,  the  pistons  of  the  jacks  continued  to  travel,  while  the 
pressure  gauges  registered  no  increase,  for  an  appreciable  interval  of 
time  prior  to  the  formation  of  the  plastic  hinge  in  the  top  chord. 
Obviously,  then,  the  buckling  load  of  the  top  chord  is  only  one  of  the 
variables  of  which  the  collapse  load  of  the  truss  is  a  function. 

Unless  the  floor  beam  were  known  to  have  yielded,  accurate 
evaluation  of  the  upper  chord  buckling  load  would  clearly  have  been 
impossible.  Of  all  the  members  of  the  bridge,  the  floor  beams  are 
probably  the  easiest  to  analyze  approximately,  since  the  only  mani¬ 
festation  of  secondary  stress  is  in  the  form  of  end  moments  induced  by 
the  verticals.  In  a  case  where  the  stiffness  of  the  beams  is  large 
relative  to  that  of  the  vertical  members,  it  is  unlikely  that  a  serious 
error  would  be  introduced  in  analyzing  the  beams  as  simply  supported, 
in  order  to  establish  the  yield  load.  It  should  be  borne  in  mind, 
though,  that  such  an  error  could  be  on  the  unsafe  side  (see  Figure 
4.  14).  A  more  accurate  analysis  would  require  the  computation  of 
the  secondary  stresses. 

The  collapse  load  as  determined  by  the  yield  strength  of  the 
floor  beams  could  be  interpreted  as  an  ultimate  axle  load.  It  is 
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suggested  that  by  applying  suitable  safety  factors  to  this  ultimate 
load,  a  maximum  permissible  axle  load  could  be  established,  as 
distinct  from  a  maximum  permissible  total  load  on  the  bridge. 
Cognizance  should  be  taken  of  the  fact  that  the  tests  were  static  in 
nature,  whereas  a  vehicle  represents  a  dynamic  loading. 

The  October  test.  Distribution  of  the  load  among  three  beams 
in  the  October  test  raised  the  collapse  load  of  the  bridge  to  65  tons. 
This  time,  two  plastic  hinges  formed  antisymmetrically  in  the  south 
chord.  A  general  view  of  the  bridge  after  the  test  is  shown  in  Figure 
4.  29.  The  south  truss  is  seen  on  the  right;  the  two  plastic  hinges  are 
clearly  visible.  Figures  4.30  and  4,31  show  the  deformed  chord  to 
better  advantage.  The  eastward  plastic  hinge  is  seen  in  Figure  4,  32. 
Figures  4,  33  and  4,  34  show  the  buckled  condition  of  the  compression 
diagonals  of  the  south  truss. 

According  to  strain  measurements,  none  of  the  floor  beams  had 
yielded  prior  to  collapse.  Determinants  were  therefore  calculated  on 
the  basis  that  all  members  were  stressed  below  the  yield  stress,  and 
furthermore,  that  no  local  buckling  of  individual  members  had 
occurred.  These  determinants  are  shown  graphically  in  Figure 
4.35(a),  As  in  the  July  test,  the  buckling  load  thus  determined  is 
substantially  in  excess  of  the  collapse  load. 

Approaching  the  problem  in  a  manner  similar  to  that  used  for 


the  July  test,  the  determinants  were  recalculated  with  the  stiffnesses 
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FIGURE  4.30  -  SOUTH  TRUSS  FIGURE  4.31  -  SOUTH  CHORD 
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OCTOBER  TEST  (LOOKING  EAST) 
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DETERMINANT  OF  SLOPE-DEFLECTION  COEFFICIENTS 
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JACK  LOAD  ON  BRIDGE  -  TONS 

CURVE  (a):  NO  LOCAL  BUCKLING  NOR  YIELDING  THROUGHOUT  BRIDGE 
CURVE  (b);  PLASTIC  HINGES  IN  CENTER  PANELS  OF  TOP  CHORD 

NOTE:  THESE  CURVES  HAVE  BEEN  COMPUTED  FOR  ONE-HALF 

OF  TRUSS,  ASSUMING  ANTISYMMETRICAL  BUCKLING 

FIGURE  4.35  -  DETERMINANTS  OF  COEFFICIENTS 

OF  SLOPE-DEFLECTION  EQUATIONS  -  OCTOBER  TEST 
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of  the  yielded  top  chord  members  equal  to  zero.  These  determinants 
are  shown  in  Figure  4.  35(b).  Again,  the  buckling  load  is  seen  to  be  in 
excess  of  the  collapse  load  of  the  bridge.  This  would  indicate  that  the 
top  chord  did  not  buckle,  but  rather  that  secondary  stresses  caused 
yielding  below  the  buckling  load.  Further  justification  for  this 
viewpoint  is  discovered  when  the  test  behavior  is  considered.  Whereas 
in  the  July  test,  excessive  vertical  deflection  took  place  without 
increase  of  load  immediately  before  the  formation  of  the  plastic  hinge, 
very  little  such  deflection  occurred  in  the  October  test  prior  to 
yielding  of  the  top  chord.  As  a  result,  the  plastic  hinges  formed  with 
comparatively  little  warning.  With  this  particular  load  distribution, 
then,  the  top  chord  buckling  load  does  not  represent  the  lowest 
collapse  load,  and  an  investigation  of  secondary  stresses  would  be 
necessary. 

In  explanation  of  the  ultimate  collapse  of  the  bridge,  consider 
Figure  4.  36.  Applying  the  laws  of  statics  to  the  section  of  the  truss, 
it  is  apparent  that  complete  removal  of  both  yielded  members  would 
not  produce  instability.  It  is  obvious  that  under  these  circumstances, 
the  original  compression  diagonals  would  suffer  a  severe  increase  in 
stress.  In  fact,  these  diagonals  were  known  to  have  buckled  in  the 
October  test  (see  Figures  4,  33  and  4,  34),  Failure  of  these  members, 
of  course,  would  now  cause  collapse  of  the  truss,  and  collapse  of 
either  truss  implies  collapse  of  the  bridge. 


1 16 


Figure  4, 36 

It  is  felt  that  the  foregoing  is  a  valid  explanation  of  the  October 
failure  of  the  bridge.  It  has  once  more  been  demonstrated  that 
buckling  of  the  top  chord  is  not  the  sole  criterion  of  collapse. 

VI.  TOP  CHORD  DISPLACEMENTS 


The  successful  evaluation  of  secondary  stresses  in  a  pony-truss 
bridge  depends  heavily  upon  the  accuracy  with  which  the  displacements 
of  the  top  chord  can  be  calculated.  The  only  such  displacements  re¬ 
corded  during  the  tests  were  the  lateral  deflections  of  the  top  chord 
panel  points.  The  rotations  about  the  longitudinal  and  vertical  axes 
would  be  very  difficult,  if  not  impossible,  to  measure.  Thus,  of  the 
computed  displacements,  only  the  lateral  deflections  have  been  pre¬ 
sented  in  detail.  While  the  correspondence  of  analytical  and 


experimental  results  is  highly  encouraging,  deficiencies  in  both  the 
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analysis  and  the  test  data  have  precluded  the  possibility  of  computing 
accurate  secondary  stresses. 

Theoretical  displacements.  The  computed  displacements  are 
recorded  in  Tables  4.3,  4.4,  4.5,  and  4,6,  and  the  theoretical  lateral 
deflections  are  illustrated  by  the  broken  lines  in  Figures  4.  37  through 
4.42.  The  latter  have  been  obtained  by  subtracting  the  initial  deflec¬ 
tions  from  the  computed  deflections. 

Computation  of  the  top  chord  displacements  as  set  forth  by  Lee 
and  Clough  requires  a  knowledge  of  the  initial  lateral  deflections  of  the 
top  chord,  where  the  top  chord  is  taken  to  include  the  end  diagonals. 
That  is,  these  deflections  must  be  known  relative  to  the  ends  of  the 
chord,  the  reaction  points.  The  initial  lateral  deflections  of  the  test 
bridge,  however,  were  measured  relative  to  the  first  interior  panel 
points,  whose  own  initial  deflections  were  not  measured.  This 
deficiency  was  impossible  to  overcome  during  analysis  of  the  test 
results,  although  some  estimate  was  possible  because  chord-to-chord 
distances  had  been  measured  at  the  panel  points.  The  difference 
between  these  distances  and  the  distance  between  the  reactions,  was 
divided  equally  between  the  corresponding  first  interior  panel  points, 
and  all  other  initial  deflections  were  corrected  accordingly.  At  best, 
this  procedure  must  be  considered  a  makeshift  expedient. 

Shortcomings  in  the  analysis  have  also  appeared.  No  provision 
has  been  made  for  the  separation  of  the  effects  of  live  and  dead  load. 
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TABLE  4.  3 

THEORETICAL  TOP  CHORD  JOINT  DISPLACEMENTS 
NORTH  TRUSS,  JULY  TEST 


LOAD 

JOINT 

6 

a 

(8 

TONS 

INCHES 

RADIANS 

X  1000 

RADIANS 

X  1000 

2 

-0. 100 

0.449 

0.  317 

3 

0,  536 

-I. 067 

I.  588 

10 

4 

0.  753 

-2. 215 

0.  007 

5 

0.  283 

-I. 027 

-I. 677 

6 

-0. 724 

0.  717 

-0.426 

2 

-0. 157 

I,  074 

0.  607 

3 

0.  632 

-2.  134 

3.485 

20 

4 

I.  107 

-4. 875 

0.  023 

5 

0.  376 

-2. 065 

-3. 673 

6 

-0. 807 

I.  622 

-0. 836 

2 

-0. 234 

I.  919 

0.  840 

3 

0.  726 

-3.  188 

5.  795 

30 

4 

I.  514 

-8. 122 

0.  053 

5 

0.469 

-3.  109 

-6. 096 

6 

-0.911 

2,  764 

-I. 204 

2 

-0. 282 

2.443 

0.  920 

3 

0,  772 

-3. 705 

7.  152 

35 

4 

1.  743 

-10, 031 

0.  077 

5 

0.  515 

-3. 630 

-7. 516 

6 

-0. 973 

3.444 

-1.359 

2 

-0. 338 

3.  047 

0.  963 

3 

0,  816 

-4. 212 

8.  680 

40 

4 

1.  993 

-12. 183 

0,  108 

5 

0.  560 

-4.  149 

-9. II4 

6 

-1.  044 

4,  2II 

-1.484 

INITIAL  DEFLECTIONS,  INCHES 


JOINT  2  3  4  5  6 

DEFLECTION  -0.  06  0.44  0.44  0.  19  -0.66 
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TABLE  4.4 

THEORETICAL  TOP  CHORD  JOINT  DISPLACEMENTS 
SOUTH  TRUSS,  JULY  TEST 


LOAD 

JOINT 

5 

a 

/9 

TONS 

INCHES 

RADIANS 

X  1000 

RADIANS 

X  1000 

2 

-0. 084 

0.  263 

-0. 053 

3 

-0. 306 

-0. 602 

1.  573 

10 

4 

0.  815 

-2. 345 

0.  357 

5 

0.  555 

-1.  274 

-1.  824 

6 

-0. 731 

0.  797 

-0. 562 

2 

-0. 122 

0.  671 

-0. 204 

3 

-0. 261 

-1. 1 17 

3.442 

20 

4 

1.  183 

-5.  164 

0,  823 

5 

0.  675 

-2. 612 

-4.019 

6 

-0. 823 

1.809 

-1.  136 

2 

-0. 177 

1. 255 

-0. 511 

3 

-0. 228 

-1.499 

5.  700 

30 

4 

1.  608 

-8. 608 

1.453 

5 

0.  802 

-4. 034 

-6. 719 

6 

-0. 940 

3.095 

-1.  708 

2 

-0. 211 

1.  627 

-0.749 

3 

-0. 218 

-1.619 

7.  017 

35 

4 

1.848 

-10. 636 

1.  858 

5 

0.  869 

-4. 787 

-8. 321 

6 

-1,011 

3.  867 

-1, 985 

2 

-0. 252 

2.  061 

- 1 , 066 

3 

-0. 215 

-1.  674 

8.488 

40 

4 

2,  111 

-12.  924 

2.  352 

5 

0.939 

-5.  576 

-10. 143 

6 

-1,091 

4.  745 

-2. 251 

INITIAL  DEFLECTIONS,  INCHES 


JOINT  2  3  4  5  6 

DEFLECTION  -0.  06  -0.  36  0.49  0.44  -0.  66 
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TABLE  4.  5 

THEORETICAL  TOP  CHORD  JOINT  DISPLACEMENTS 
NORTH  TRUSS,  OCTOBER  TEST 


LOAD 

JOINT 

8 

ct 

/3 

TONS 

INCHES 

RADIANS 

X  1000 

RADIANS 

X  1000 

2 

-0. 064 

0.  074 

0.  743 

3 

0.  569 

-I.  351 

1. 000 

10 

4 

0.  594 

-2. 066 

0.  078 

5 

0.  539 

-1.455 

-1.  123 

6 

-0.693 

0.394 

-0.  954 

2 

-0. 085 

0.  312 

1.  376 

3 

0.  696 

-2. 388 

1.856 

20 

4 

0.  793 

-3.749 

0.  183 

5 

0.  678 

-2. 634 

-2.  121 

6 

-0. 744 

0.976 

-1.829 

2 

-0. II8 

0.  686 

2.  075 

3 

0.  827 

-3.474 

2.  839 

30 

4 

I.  010 

-5. 619 

0.  325 

5 

0.  827 

-3. 913 

-3. 277 

6 

-0. 812 

1.  727 

-2. 810 

2 

-0. 167 

1.  227 

2.849 

3 

0,  964 

-4. 620 

3.  994 

40 

4 

1.249 

-7. 740 

0.  522 

5 

0.  987 

-5. 324 

-4. 647 

6 

-0.899 

2.  688 

-3.  924 

2 

-0. 235 

1.966 

3.  702 

3 

I.  105 

-5. 817 

5.  344 

50 

4 

I.  515 

-10. 155 

0.  803 

5 

I.  162 

-6.894 

-6. 280 

6 

-I. on 

3.  908 

-5. 197 

INITIAL  DEFLECTIONS 

,  INCHES 

JOINT  2 

3 

4  5 

6 

DEFLECTION  -0.06 

0.40 

0.  34  0,  36 

-0,  66 
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tablp:  4.  6 

THEORETICAL  TOP  CHORD  JOINT  DISPLACEMENTS 
SOUTH  TRUSS,  OCTOBER  TEST 


LOAD 

JOINT 

5 

a 

0 

TONS 

INCHES 

RADIANS 

X  1000 

RADIANS 

X  1000 

2 

-0. 036 

-0. 255 

0.  328 

3 

-0, 599 

-0.929 

0.  932 

10 

4 

0.  145 

-2. 076 

0.  253 

5 

-0. 038 

-1. 384 

-1. 140 

6 

-0. 677 

0.  213 

-0. 797 

2 

-0. 023 

-0. 385 

0.479 

3 

-0. 517 

-1.480 

1.712 

20 

4 

0,  346 

-3. 781 

0,  575 

5 

0.  095 

-2.489 

-2. 179 

6 

-0. 711 

0.  605 

-1.496 

2 

-0.019 

-0.428 

0.  610 

3 

-0.437 

-1. 995 

2.  613 

30 

4 

0.  566 

-5. 689 

0.  995 

5 

0.  237 

-3.696 

-3.408 

6 

-0. 761 

1,  157 

-2. 279 

2 

-0. 025 

-0. 365 

0.699 

3 

-0. 363 

-2.460 

3.  675 

40 

4 

0.  811 

-7. 874 

1.  556 

5 

0.  392 

-5. 043 

-4. 905 

6 

-0. 829 

1.913 

-3.  167 

2 

-0. 042 

-0, 187 

0.  706 

3 

-0. 298 

-2. 822 

4.919 

50 

4 

1.  087 

-10. 392 

2.  335 

5 

0.  562 

-6, 569 

-6. 750 

6 

-0. 923 

2.  928 

-4. 182 

INITIAL  DEFLECTIONS 

INCHES 

JOINT  2 

3 

4  5 

6 

DEFLECTION  -0.06 

-0.73 

0.11  -0.21 

-0.  66 
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LATERAL  DEFLECTION,  INWARD  POSITIVE 
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FIGURE  4.38  -  LATERAL  DEFLECTIONS  OF  TOP  CHORDS 

JULY  TEST 
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JACK  LOAD  ON  BRIDGE  -  TONS 

JOINT  U4 

THEORETICAL  DEFLECTIONS  ILLUSTRATED  BY  BROKEN  LINES 

FIGURE  4.39  -  LATERAL  DEFLECTIONS  OF  TOP  CHORDS 

JULY  TEST 
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JOINT  U3 


JACK  LOAD  ON  BRIDGE  -  TONS 

JOINT  U5 

THEORETICAL  DEFLECTIONS  ILLUSTRATED  BY  BROKEN  LINES 


FIGURE  4.41  -  LATERAL  DEFLECTIONS  OF  TOP  CHORDS 

OCTOBER  TEST 
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THEORETICAL  DEFLECTIONS  ILLUSTRATED  BY  BROKEN  LINES 

FIGURE  4.42  -  LATERAL  DEFLECTIONS  OF  TOP  CHORDS 

OCTOBER  TEST 
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Thus  an  anomaly  exists  within  the  slope-deflection  equations.  On  the 
one  hand,  the  axial  force  terms  in  the  equations  must  include  the 
effects  of  the  dead  load,  since  the  stiffness  coefficients  of  a  member 
depend  upon  the  total  axial  force  in  that  member.  On  the  other  hand, 
the  initial  top  chord  deflections  include  the  dead  load  deflections,  and 
computation  of  live  load  deflections  naturally  dictates  that  the  axial 
force  terms  in  the  equilibrium  equations  must  not  include  the  effects 
of  the  dead  load.  Due  to  lack  of  sufficient  memory  storage  capacity 
in  the  University  computer,  it  was  decided  to  defer  modification  of  the 
analysis  to  eliminate  this  contradiction. 

One  other  weakness  in  the  analysis  might  be  mentioned. 
Whereas  initial  lateral  deflections  have  been  taken  into  account,  no 
attempt  has  been  made  to  include  initial  rotational  displacements  about 
the  pertinent  axes.  Admittedly  this  is  a  more  difficult  problem,  but  it 
is  felt  that  these  rotational  displacements  might  be  at  least 
approximated. 

It  is  difficult  to  assess  the  influence  of  the  shortcomings 
described  above.  It  is  hoped  that  their  correction  would  narrow  the 
already  small  gap  between  the  theoretical  and  experimental  results. 

Measured  deflections.  The  measured  lateral  deflections  are 
also  shown  in  Figures  4.  37  through  4.42,  In  spite  of  the  drawbacks 
noted  in  the  foregoing  section,  the  measured  deflections  are  seen  to  be 
in  generally  good  agreement  with  the  computed  deflections.  It  would 
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appear  that  only  slight  modifications  to  the  analysis  would  be  required 
to  provide  almost  perfect  correspondence. 

There  is  no  way  of  knowing  whether  or  not  the  computed 
rotational  displacements  are  accurate.  It  is  presumed  that  the  same 
precision  could  be  expected  in  their  calculation  as  in  the  calculation  of 
the  lateral  deflections. 

Because  of  the  lack  of  even  better  theoretical  and  experimental 
conformity,  no  attempt  was  made  to  compute  secondary  stresses, 
although  these  would  have  proved  of  particular  interest  in  the  case  of 
the  vertical  members.  It  was  felt  that  until  the  corrections  have  been 
made  to  both  theory  and  experimental  procedure,  such  computations 


would  be  unwarranted. 
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CHAPTER  V 

SUMMARY  AND  RECOMMENDATIONS 

1,  Collapse  of  a  pony-truss  bridge  may  have  numerous  causes; 
buckling  of  a  top  chord  is  only  one  criterion. 

2,  Proper  analysis  of  a  pony-truss  bridge  must  include  the 
evaluation  of  secondary  stresses,  since  failure  may  be 
initiated  by  local  overstr es sing, 

3,  The  collapse  load  in  the  July  test  was  found  to  be  45  tons. 
Collapse  of  the  bridge  was  immediately  due  to  buckling  of 
the  top  chord  of  the  south  truss.  Formation  of  a  plastic 
hinge  in  the  center  floor  beam  caused  the  chord  to  buckle 
prematurely. 

4,  The  collapse  load  in  the  October  test  was  found  to  be  65  tons. 
Collapse  of  the  bridge  was  immediately  due  to  buckling  of  the 
compression  diagonals  adjacent  to  the  center  panel  point. 
Flexural  yielding  of  the  top  chord  of  the  south  truss  caused 
these  diagonals  to  become  greatly  over-stressed.  The  chord 
itself  did  not  buckle, 

5,  Only  a  negligible  proportion  of  the  load  applied  directly  over  a 
given  floor  beam  was  transferred  through  the  wooden  bridge  deck 
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to  adjacent  beams. 


The  fact  that  the  south  chord  of  the  July  test  buckled 
elastically  tends  to  confirm  the  validity  of  Southwell’s  theory 
as  applied  to  the  problem  by  Lukawitski^^^. 

The  close  correspondence  between  the  1959  and  July,  I960 
failure  loads  of  42  and  45  tons,  respectively,  demonstrates 
that  the  buckling  load  of  the  top  chord  appears  to  be  virtually 
unaffected  by  its  initial  deflections,  since  the  south  chord  was 
in  a  severely  damaged  condition  prior  to  the  1959  test^®^. 

This  conclusion  is  sustained  by  the  fact  that  no  use  is  made  of 
initial  deflections  in  the  computation  of  the  buckling  load  by  the 
analysis  of  Chapter  II, 

The  slope-deflection  analysis  by  Lee  and  Clough  offers  promise 
as  a  method  of  computing  secondary  stresses.  The  theory 
should  be  modified  to  allow  for  the  correct  use  of  live  and  dead 
loads,  respectively,  and  if  possible,  for  the  consideration  of 
initial  rotational  displacements. 

There  is  ample  scope  for  future  load  tests; 

(a)  A  large  variety  of  load  distributions  is  possible, 

(b)  Such  load  tests  should  be  designed  to  permit  evaluation 
of  the  secondary  stresses  in  the  bridge, 

(c)  Some  thought  should  be  given  to  a  more  accurate 
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determination  of  floor  beam  bending  moments, 

(d)  Initial  lateral  deflections  should  be  measured  relative 
to  the  true  ends  of  the  top  chord. 

(e)  The  behavior  of  single  and  especially  double-angle 
members  acting  in  both  tension  and  compression 
should  be  thoroughly  investigated  in  the  laboratory 
before  actual  testing  of  a  bridge, 

(f)  Testing  should  be  carried  out  under  conditions  more 
conducive  to  precision.  That  is,  the  test  bridge  should 
most  certainly  be  erected  indoors,  in  order  to  avoid 
the  adverse  effects  of  weather,  and  to  permit 
preparation  and  testing  on  a  reasonable  schedule. 
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APPENDIX  A 

DIGITAL  COMPUTER  PROGRAM 

The  slope-deflection  analysis  by  Lee  and  Clough  has  been 
programmed  for  the  IBM  1620  electronic  digital  computer.  The 
program  follows  the  analysis  as  given  in  Chapter  II,  with  the  refine¬ 
ment  that  the  total  forces  in  the  members  are  used  to  compute  the 
stiffness  factors,  while  only  the  live  load  forces  are  used  in  the  slope- 
deflection  equations. 

Because  of  memory  storage  limitations,  the  program  has  been 
broken  down  into  three  shorter  programs,  the  output  of  the  first  and 
second  being  used  as  input  for  the  second  and  third,  respectively.  All 
three  programs  have  been  written  in  the  IBM  1620  Fortran  II  compiler 
language.  The  source  programs  may  be  found  at  the  end  of  this 
Appendix, 

Definitions  of  Fortran  II  symbols  used.  Where  possible,  the 
Fortran  II  symbols  have  been  defined  in  terms  of  the  notation  used  in 
Chapter  II.  Wherever  a  symbol  has  two  definitions,  the  second  is 
possible  because  the  first  has  been  used  for  only  a  part  of  the  program. 
This  procedure  results  in  a  small  saving  in  storage  requirements. 

Data  required.  The  data  to  be  prepared  on  cards  comprises. 
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1,  the  total  number  of  members  (always  exclusive  of  the  bottom 
chord)  in  the  bridge  to  be  analyzed; 

2,  the  numerical  designation  of  each  member  and  the  dead  load 
force  in  that  member; 

3,  identifying  information; 

4,  the  modulus  of  elasticity,  the  shear  modulus,  the  number  of 
joints  (including  the  end  joints),  and  the  flexural  and  torsional 
fixity  coefficients  of  the  end  joints; 

5,  the  numerical  designation  of  each  member,  its  live  load  force, 
its  length,  its  moment  of  inertia,  its  torsional  rigidity  and  the 
angle  which  it  makes  with  the  horizontal; 

6,  the  initial  deflections,  in  ascending  order  of  joint  designation, 
of  the  top  chord  joints,  exclusive  of  the  end  joints  (assumed  to 
be  zero);  and 

7,  the  modified  stiffness  for  antisymmetrical  bending  of  each 
floor  beam,  and  the  fixed-end  moment  of  each  floor  beam, 
alternately  in  ascending  order  of  joint  designation  and 
exclusive  of  the  end  joints. 

The  data  of  parts  2  and  5  above  are  arranged  such  that  there  is  one 
card  for  each  member,  in  ascending  order  of  joint  designation. 


First  program.  After  reading  sufficient  information,  the  first 
program  punches  a  card  containing  the  same  identifying  information 
supplied  as  input,  and  a  second  card  containing  the  modulus  of 
elasticity,  the  shear  modulus,  the  number  of  members,  the  number 
of  joints,  and  the  flexural  and  torsional  fixity  coefficients  of  the  end 
joints.  It  then  adds  the  live  and  dead  load  forces  in  each  member, 
computes  the  stiffness  parameters  (\^  and  f  )  and  the  carry-over 
factor  (C)  and  punches  two  cards  per  member  containing  the  following 
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information: 

1.  the  numerical  designation  of  the  member,  its  live  load  force, 
its  length,  its  moment  of  inertia,  and  its  carry-over  factor;  and 

2,  the  stiffness  parameters,  ^  and  f  ,  of  the  member,  its  torsional 
rigidity,  and  the  angle  it  makes  with  the  horizontal. 

Finally,  the  program  reads  the  initial  deflections,  floor  beam 

stiffnesses  and  fixed-end  moments,  and  punches  this  information  in  a 

format  identical  to  that  of  the  input  data. 

In  summary,  this  program  merely  computes  and  inserts  the 

stiffness  parameters  and  carry-over  factor  into  the  list  of  data  for  each 

member,  without  otherwise  altering  the  original  list. 

Second  program.  The  output  of  the  first  program  forms  the 
input  deck  for  the  second  program.  After  reading  this  deck,  the 
program  first  punches  a  card  containing  the  identification  of  the  data. 
Then  it  computes  and  punches  a  number  representing  the  required 
number  of  rows  in  the  matrix  of  the  slope-deflection  equations,  or  in 
other  words,  the  number  of  equations.  The  matrix  is  then  punched  by 
rows,  four  elements  per  card,  until  all  the  rows  have  been  punched. 

Third  program.  The  third  program  uses  as  input  the  cards 
punched  by  the  second  program.  It  punches  the  identifying  information, 
the  determinant  of  the  coefficients,  and,  if  desired,  the  joint  displace¬ 


ments. 


1.  JOINT  AND  MEMBER  DESIGNATION 


The  joints  and  members  must  be  assigned  numerical  designa¬ 
tions  according  to  the  system  used  in  Chapter  II; 

1.  The  upper  chord  joints  are  numbered  consecutively  from  "I" 
at  the  left  reaction, 

2.  The  members  are  numbered  consecutively  from  left  to  right, 
starting  with  the  top  chord  members,  continuing  through  the 
verticals,  and  finishing  with  the  diagonals.  The  diagonals 
must  be  numbered  consecutively  at  the  top  chord  joints  as 
though  every  panel  contained  two  diagonals.  If  a  panel 
contains  only  one  diagonal,  then  the  number  of  the  missing 
diagonal  is  omitted.  A  few  examples  will  help  to  clarify 
these  instructions: 


Number  of  joints  (NJ)  =  7 
Number  of  members  (NM)  =  19 
Maximum  number  of  members  =  19 


Number  of  joints  (NJ)  =  7 
Number  of  members  (NM)  =  15 
Maximum  number  of  members  =  19 
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Number  of  joints  (NJ)  =  7 
Number  of  members  (NM)  =  17 
Maximum  number  of  members  =  19 

Above  example  identical  to  test  bridge 


2^334455^67 


Number  of  joints  (NJ)  =  8 
Number  of  members  (NM)  =  19 
Maximum  number  of  members  =  23 


Limitations,  The  size  of  truss  is  limited  to  one  containing 
eleven  joints  and  hence,  thirty-five  members,  exclusive  of  the  bottom 
chord. 

II.  PROGRAM  NO.  1 

The  first  program  carries  the  University  of  Alberta  Computing 
Center  designation  920101A. 


List  of  symbols.  All  quantities  are  in  kips  and  inches. 


ft 

sM 


tL 


rUCT^' 


9M«i  to  ^”&dm«M 
'8Va>d>rfidxil  lOytadmiia'myrnixiiM 


&iqmBxs)  avocJA  ■^ 


_  V  lauiTOj- ■'^  ■'I  “'  •u''_!L'"“^l 

t  *'ir*‘  s  ''•«»» 


Wit:'  '■'' 


S'  ^  cjrtioi  lo  ■i»dmifH  ^ 

l^^li'WiBi:  *  fi  «*i  {MW)!^a:rdd;(ti3m  io 'tddmtfM 

es  ’■i'^yt^doidjcfi  I'D  %axjmun  mmixM  * 

Mill  '  -MUiffl.. 

v®kSu.’n  'mv  .•  .  ,/  «8iKPBR»H!r..  ■>  ’.  4:'A.‘'i 


88iir'tS;  lo  Wla'^-tdT,  w»:JToib^fi^imU  A 
^  ^  ^ 

,»aiiad  bftis  atiiior  navoJo  , 


AS  ,^- 


_ ' 

mmr-  "■  f*  '  ,wr 

1^, g« r.*i;>qf^3  ,x^t9d^,3b  ’v,4^.'a;»'yij[3(i^-9'rfj '  a9:l;3>‘J?^i  •W'-sBoto^iJa’iii  a4T 

ASR, '  7»3e£»*'LC‘ aL  cSMmBm  t-it,- .:  J=  "  ^isf  r^i 

A  ^v  I 'OS  <?  ^4oil .aiiig  i  ao  b  vT  9  i iT9  D'^ 


4 1 


A 

a 

B 

b 

C 

C  for  compression  member 

CH 

C  for  tension  member 

COSH 

cosh  <f^ 

DELTA(M) 

S  for  joint  M 

E 

E 

FEM(M) 

Mf  for  joint  M 

FI 

I 

FK2B 

for  joint  M 

EL 

L 

G 

G 

I 

index 

J 

member  designation 

NJ 

number  of  joints 

NM 

number  of  members 

P 

live  load  plus  dead  load  force  in  member 

PDEAD(J) 

dead  load  in  member  J 

PHI 

<i> 

PLIVE 

p 

PSI 

>!/  for  compression  member 

PSIH 

^  for  tension  member 

R 

R 

IW  (! 


8 io '  tadnum 

■*  '  '^fte 


bMoi  b&^b  2>'Vii  .,  i';'-,;,^^-;;  .■■i&  q 


t  m  baoi 

JM: 


<i)aAaaq 

^1 


iHq 

aviaq 


tadai®m^oi«  ad^rqmo^ 


■;% 


®  '  ,  3...:  V<^k-'  ' 

p^r.  ladfnsiTf  n.oiaififtt  idJ  v^jf 
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SINK 

sinh  <1? 

THETA 

(9 

ZETA 

f  for  compression  member 

ZETAH 

f  for  tension  member 

Data  preparation.  Data  formats  are  indicated  in  IBM  1620 


Fortran  II  notation. 


Card(s) 

(in  order) 

Symbol 

F  ormat 

Card 

Columns 

1 

NM 

13 

1-3 

2— >NM+1 

J 

13 

1-3 

PDEAD(J) 

FIO.  2 

5-14 

NM+2 

identification 

72H 

1-72 

NM+3 

E 

FIO.  0 

1-10 

G 

FIO,  0 

13-22 

NJ 

13 

25-27 

A 

F5.  1 

30-34 

B 

F5.  1 

37-41 

NM+4 

— ►ZNM+S 

J 

13 

1  -3 

PLIVE 

FIO.  2 

5-14 

FL 

FIO,  2 

16-25 

FI 

FIO.  2 

27-36 

R 

FIO.  2 

38-47 

THETA 

FIO. 4 

49-58 

Additional 

as  required 

DELTA(M) 

F7.  3,  8F8.  3 

1-7,  8-15 

Additional 

FK2B(M)  ) 

(4(F11.  1,  F7.  1)) 

1-11,  19- 

as  required 

FEM(M)  / 

12-18,  30 

Sample  data  as  punched  on  cards  are  shown  in  Table  A  .1 


Operating  instructions. 


1.  Clear  core  storage: 

a)  RESET 

b)  INSERT 

c)  Type  16  00010  00000 

d)  RELEASE 

e)  START 

f)  INSTANT  STOP 

g)  RESET 

2.  Load  object  deck  -  push  LOAD  key. 

3.  Set  switches: 

Switch  1 

OFF  to  process  one  set  of  data.  The  entire  program 
(requiring  dead  load  data)  may  be  re-executed  by  depressing 
START. 

ON  to  process  several  sets  of  data  using  the  same  dead  load 
forces.  The  first  NM+1  cards  must  be  entered  only  once,  at 
the  start  of  the  run.  As  many  sets  of  data  cards  (NM+2  through 
2NM+3  +  initial  deflections,  beam  stiffnesses  and  fixed-end 
moments)  as  desired  may  then  be  entered  in  sequence.  Switch 
should  be  turned  OFF  after  the  last  set  of  data  has  been  read. 

4.  Load  data. 

5.  Push  START. 

Output,  Output  is  by  cards,  and  has  been  described  previously. 
The  output  from  the  sample  data  of  Table  A,  1  is  given  in  Table  A,  2,  as 
printed  from  cards. 


III.  PROGRAM  NO.  2 


The  second  program  carries  the  University  of  Alberta 


xaifeM  ■ 

Tijaswi  (^“  ,1 

GOOOO  01000  dl  &q\T  (t>  ^ 

m  :■  a8Aaj3ia  {b 

T^AXe  (d  - 
gOTSjjTHATem  (i  *“ 

xaaaji  (s 

.\i^A  QAOJL  ftayq  -  :>{d5&  l59t.do  faisod  ,S 


;a&ri3jlv/e  ^d8  ,£ 


xrtB’Tifouq  G.tilxiq  ariX  .^Jsfa  io  laa-^ano  Baaaotq  or  aaO  ;;( 
am«i«aTqoh^Yd  baJi/oaxo-ai  »d  §«ifi«paT)  ^ 

''^'•isi  ^mniFM'  »tsiatz 


IP  P' 


b^o|  ®riiJ'  ,a0i-aq  G3t&b  %Q  »}»«  l^t»v»a  aaaoottq  oi  HO  :)*.u’0ii' 

:«^«®?>-jaua:Yid©  J>a  l-fMH  taiil  adXV  .aaaio^  |W]' 


xllgxioim  ^+MH)  'afo^fia  Xo  »i®8  yfusm  aA^  *n0-i  adi  lo  J^tsla'ariJ  TB' 


£>m-b&xiyhm.a»aa&sinii&  mead  «»ttoi^^9A9iji' .•  r);:-’':; 
m- b&'io^Aa  yj»m,'b»i,i«9b  bjs  |(©i/i9>i'«o<Ti ; 

.f)bW  rraad  aii^d-^jarieb  >o  iaa  hinfth  tci^bli/0d» 

inrnniir'm  im  :  .'/t^ats  .e 


ba,«,  ^'sb's'BO  yd  «|  lifqi0O  ^tuqiuO 


♦A  ald‘iisX:':at 

S  ...  'hb-  fei  gj 


it  .A  ®ic[«>T  lb  jsiab  aJqmAa  &di  rnotl  itsqiuo  adX 

-’■%  ,  „  .'«■* 
*al)ic4o  morti 


SKbMMAfldo^ 
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Computing  Center  designation  920  10 IB. 


List  of  symbols.  All  quantities  are  in  kips  and  inches. 


A(l,  J) 

P  for  member  J 

A(2,  J) 

L  of  member  J 

A(3,  J) 

I  of  member  J 

A(4,  J) 

C  of  member  J 

A(5,  J) 

yp  for  member  J 

A{6,  J) 

f  for  member  J 

A(7,  J) 

R  of  member  J 

A(8,  J) 

6  of  member  J 

All,  A21,  etc. 

coefficients  of  slope-deflection  equations 

AA 

"a"  for  left  end  of  truss 

AB 

"a"  for  right  end  of  truss 

AF 

"a"  input  data  for  both  ends  of  truss 

B 

"b"  input  data  for  both  ends  of  truss 

BA 

"b"  for  right  end  of  truss 

BB 

"b"  for  left  end  of  truss 

CDL 

cos  0^  for  diagonal  to  left  of  joint 

CDR 

cos  0 ^  for  diagonal  to  right  of  joint 

CN 

cos  0^1 

CNMl 

cos 

DELTA(I) 

S  of  joint  I 

E 

E 

♦  a9rfO.,fti  lo  tajfcl 

''■.  !''■  '.'! 


v4,:WF 

•  •'it  ' 


'7.  Vf  ,'  ,'-f.f^ 

•  «.  /wt 


t  •Xfl»cfm»rTT  toi 

n  C.&NM1 '  Uiu  • 

KW'  liii 

t  nadmam  lo  J 

h  ■ 

I  lodmam  'to  Ir,, 
! 

I  ladmam  lo  0 
L  •sadmom  ^ol  ^ 


(IJ.)A 


E' 


(l,S)A 


fi5, 

(l,€)A 


il.^)A 


(l,e)A 


h  ^9<im&m  iqI  ^  ,  v 

HV 


I  '^sdOTom  io  Si 


■'  im 


I  ladmoos  jto  %  -; 

a '  .119 


(I  ^6)A 


a  j)A 


{1,8)  A 


BttoH&ppc^  .CTOx:>aaJio&~o<jole  lo  aljtaioillaoo  *3l©^,ISA  ,iJA 

•£1.  9r«\.  ^ 

\M*' 


a  8  wit  io  fcufita  Jla  1  i  o3t  ' '  o" 

.#'  7  '  > 

8  801^  io  foxi»  Jdgii  toi  "fi'*  H/ 


abi:»&  riiod  ’soi  ,aitjsi>  iwqni  *'o" 

ti  Ji  ® 


io  ebaa  xtltod  ^ol  oj-sb  Ji/qxii  ►M*' 


io  imo  tii^it  to’i 
aex/ti  io  bds>  iloi  loi  ''d'^ 

PE- 


Ifl 


lo  tisJ  oi  /jBnogjsib  ^ol  t^'aoo 

iiiii!®'/;  -M.  »*&>«■  'v^**,*  .  ■ 


^  'J  ^  -n  ■  ■, 

. .  ,  irisix  oi  iolidgsifc  Tpoi  u^Tob  s  jJQO 

'  %  ^  ^  -  ■'■  '  4v,  /cr? 

. 
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FEM(I) 

M£  for  beam  I 

FJ 

1  -  aC 

n 

FJl 

1  -  aC^n 

FK 

K 

1  -  aCn_, 

FKl 

K' 

1  - 

FK2B(I) 

K"]^  for  beam  I 

FKDL 

K  (£  for  diagonal  to  left  of  joint 

FKIDL 

K'(£  for  diagonal  to  left  of  joint 

FKDR 

K(£  for  diagonal  to  right  of  joint 

FKIDR 

for  diagonal  to  right  of  joint 

FKN 

Kn 

FKIN 

K'n 

FKNM 

^n- » 

FKINM 

K'n-» 

FKV 

Kv 

FKIV 

K'v 

G 

G 

H(I,  J) 

element  of  output  matrix 

I 

index 

IX  Z 

index 

J 

member  designation  during  input 
index 

JDL 

subscript  "d"  for  diagonal  to  left  of  joint 
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JDR 

subscript  "d"  for  diagonal  to  right  of  joint 

JJ 

index 

JO 

index 

JV 

subscript  "v" 

M 

index 

MNM 

maximum  number  of  members  +  1 

N 

subscript  "n" 

NC 

number  of  columns  in  matrix 

NJ 

number  of  joints 

NM 

number  of  members 

NMl 

subscript  "n  -  1" 

NMEMB(I) 

member  designation  storage  array- 

NN 

number  of  joints  -  1 

NPl 

subscript  "n  +  1" 

NR 

number  of  equations  to  be  established  (i.  e,  number  of 
rows  in  matrix) 

PDL 

P(j  for  diagonal  to  left  of  joint 

PN 

[Pn 

PNMl 

Pn-i 

RDL 

R(^  for  diagonal  to  left  of  joint 

RR 

r 

l~b 

RS 

1-b 

SDL 

sin6’^  for  diagonal  to  left  of  joint 

f  M 


v.,3M 


^  ”1  r 


.-  -  _-iMM 
£iiP™  .w 


Xeiii&  sgos’ici^tB  xiohsitgiaafo  i^d/rcom 


(DSMaMM 


^  T?i  ® 

I  -  einibt^'io  •xddmWrt* 


/r"*'  « 


SB  '  By*-!  AW 

io  T^dmufn  *9  ,,i)  barieildjslsa  Ojd  oi  ^oi^jsupa  lo  t^drwujo:^ 

_ _  .'  ^Ci 

{xirziem  cn  awOTc 
m  ■ 


Ot  is/jo§fiii»  Tol  £j1  ^  ; 


,  m«ici*«r-  .  . . .  ,  £il  , 

Jlal  oi  iBao^&ib  lol  tJSL 

'■'■  m-.  .  ^.  ■  -- 

. .  ^- '  -.n^vs,™-.-  -.*™ 

■  ‘V.'.  '.U-V  "  '«  '  '  'fey,  tj 


■d.jr.'l. 
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SDR 

sin6^^  for  diagonal  to  right  of  joint 

SN 

sin 

SNMl 

sin  0n-\ 

SX 

Sx 

SIXX 

S'xx 

sixz 

S' 

xz 

SlYY 

S' 

^  yy 

SZ 

Sz 

SIZZ 

S'zz 

S2XX 

S"xx 

S2XY 

S"xy 

S2XZ 

ClI 

^  XZ 

S2YY 

Cl  1 

b  yy 

S2YZ 

S"yz 

S2ZZ 

S"zz 

TS 

temporary  storage 

Data  preparation.  The  cards  punched  by  the  previous  program 

(see  Table  A.  2)  are  used  directly  as  input  for  this  program. 

Operating  instructions, 

1,  Clear  core  storage  (as  for  Program  No,  1), 

2,  Load  object  deck  -  push  LOAD  key. 


3.  Set  switches : 


YYt^ 


ssse 

1. 1' 


^  'iW 


)ij  ^ 1  ;  '  '  -  ^  .  'JJ.*;’,  '*  ■■  >'  ■■"■:, 4; 


4  y^snoamsf}  p  gT 

■■'  iaI  "  ■  it  ff"’  ■'.  ■'- .': '.'‘/MU  v: '  “?3 


'^ct' foa!^foJtyq  ?bTiSta  ^.rfXv,  .v«oi|«^qstq  ■\^-  '’ 


IS  _„"r.i^  ',  '■  ^  ' ■'  ,  /  *  '  tS^  ^  W’ 

’'^,wU  icl  ix/cjm  (S.A  ©IcF«T"'d»8y 

SE®  •;.:  ,.  ■  fc  ..  ■  ,  -  , 


i-iS 

it':: 


&  ' 


enoh>i;/:Ei8iii  and«i‘3q0j 

iJEj’’/  "■  If 


"^9^  ejs):  ®8.B.ioJe.atoj> 'i«©JO,  ,( 

Ib  V  v  '■!'  ia'.';:'^^ 

I&.'m ,  wl'  .y ■  _  j-v  C!  *’'' 

CIAO4  lo«(cfo'bj®o4'‘  \S  .\ 

^  ^  iwttlJi  '  ■«'‘®  L  ■«,  .'  Bfe''  ■'  ■  ,  1  :' 


'iVi  'gl 


;  »9li©iiv/8  J©8  ! 
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Switch  1 

OFF  to  process  one  set  of  data,  Progranr  may  be  re-execu*'ed 
by  pushing  START, 

ON  to  process  more  than  one  set  of  data.  Switch  1  may  be 
turned  off  after  last  set  of  data  has  been  read, 

4,  Load  data. 

5.  Push  START. 

Output,  Output  is  by  punched  cards,  and  has  been  described 
previously.  The  output  from  the  data  of  Table  A,  2  is  given  in  Table 
A.  3,  and  is  used  directly  as  input  for  Program  No.  3. 

IV.  PROGRAM  NO.  3 

The  third  program  carries  the  University  of  Alberta  Computing 
Center  designation  920101C, 

List  of  symbols.  The  equation  solving  routine  incorporated 
into  this  program  was  supplied  by  the  University  of  Alberta  Computing 
Center.  Since  it  was  known  to  be  in  satisfactory  working  order,  it  was 
not  analyzed  by  the  author.  As  a  result,  certain  symbols  used  only  in 
this  routine  have  not  been  defined. 


A(I,  J) 

matrix  storage  array  -  working  area 

C 

multiplying  factor 

D 

value  of  determinant 

FLO 

used  in  round-off  routine 

FMOD 

matrix  element  modifier 

"  ■ "  "■  *t'hat:B.  garfBi//?  Ycf  ■ 

fttf  Y'^jfTK  1  aoJf)f/<i  .,^4«is  Jo  iot  0/10  n^m  oiom  »fe©oo7q  oJ  WO 
WSIBI^lMk.  -»«•  •o^‘^'*  «®'^^  JisiJGb  io  )90  J8«i  toJljs  iio  banioi  •' 

'AtjBKMivsBSBEMPisHOSlK' '  ^  wr.  —  * 


'  !V— O  E-'  .1^1 

31  ilT  ifS 


19 


■  i 


i^,&it^b  b£oJ 


. '^T-hatb  rfsjuq  .5 

b9dt*toas*.b"n«^©c/feiSrf  bffs  .aba^p^ibodanwq  yd  ai  Joqj^  .JwoiyO 

„p$  .  ^.:.::*J*&;  a  f  :pQ' 

:®  S  ,A  9lcl/iT  lo  /iJefa  odJ.moil  JwqJoo  odT  fYJ8i;oiv9«io 

^fMSHLilHiS  ' ' '  '  ''^  “■  nt  ^  ’*'  *  ^  iW'  *2  \  ^  ^  M 

p  ■•„-  #  ^  -^'V,  ■ 

^rol  Jt/gm  BA  yiSoeiib  b^su  ei  bite  »A 

#»■  1  "■  •"■ 


l^;■  tOW  ii'ifii 


!E, 


w  ■■^■■ 

*:'  H.?  li't’' 


f  ♦  ow  M Aiioo^q  *  vi^  j 
SK^ifiS® _ w  S'  ■ ..,  % 

,10  .  'ilK: 


,  ^  y"  ,i|,  ,  uv'  ^8,  -JX  "-"J 

OT  g/iA?£iqmc>D  /5|iocflA'  io  y^iai^’/iqU  ©rii  asiTY^^  «/fiiao?q  biiri;^  ariT 

*"  %'  -....so  “  *i  ff.*  .at!  «  ^  , 


O10X0S9  aCfiJengiasb  joitx&O 
j?,..  og'To.p/ti'„ 9rtl;^ool  g/ii vJo.a  ffoiifijyp.d  oitT ''  . « Jo^vajodaia , d 


■fVfe.  i 


bailqg^a  ajsw'mBtsotq  8^d^  o^ni 

>^a®w-3ir' to a«\^  ^f,^p/iia'  .toinaO  ^ 
.xXda.baau  E,fod/0Ya  yd  basytefi' t'oqJ^ 

.i)04<j;a;bi  njasd  .icwi^  a v«4' a.jB'ii //O't  'bidJ .  " 


■■••rAj 


a 


^,g!j.p^' 'gfay  , 

f  '  lb  «^:w,i«y,, " 

:;,©/!ti^i«siw  boao ; 


s^Oviq'^ 

'  1  iHM 


H(l.  J) 

I 

II 

III 
lA 

INTEG 

J 

JKL 

JC 

K 

M 

N 

NJ 

PAR 


matrix  storage  array  -  permanent  storage 
index 

output  control  index 

output  control  index 

output  control  index 

joint  number  (in  output  routine) 

used  in  roundoff  routine 

index 

path  control  index 

number  of  columns  in  matrix 

index 

index 

number  of  equations,  or  rows  in  matrix 

number  of  joints 

used  in  roundoff  routine 


Data  preparation.  The  cards  punched  by  Program  No, 
used  directly  as  input  for  this  program. 

Operating  instructions, 

1.  Clear  core  storage  (as  for  Program  No.  1), 

2.  Load  object  deck  -  push  LOAD  key. 

3.  Set  switches: 

Switch  1 


j4b 


2  are 


OFF  to  process  only  one  set  of  data;  also  off  to  insert  new 


i, 


. __ 

^  il^  *'  '»(#  B«B 

yatt*  xlif&m 


Xpbni  loTiiaoo  iuqiuo 

•g 

- - .M  Tf  ' 

a® (‘SfirJuotc  ftiqsuro  ni)  ‘sodmjjn  Jaiot 
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matrix  modifier  (see  Switch  3).  Program  may  be  re-oxecu<ed 
by  pushing  START. 

ON  to  process  more  than  one  set  of  data. 

Switch  Z 

OFF  to  compute  only  determinant. 

ON  to  compute  determinant  and  displacements. 

Switch  3 

This  switch  is  normally  OFF.  It  may  happen  that  the  value  of 
the  determinant  exceeds  the  range  of  floating  point  numbers 
available.  A  method  has  been  provided  whereby  if  this  occurs 5 
each  element  of  the  matrix  may  be  multiplied  by  a  common 
factor,  in  order  to  bring  the  value  of  the  determinant  into  the 
admissible  range.  The  data  is  reloaded,  Switch  3  is  turned  ON, 
and  the  program  is  restarted.  This  may  be  done  after  turning 
off  Switch  1  and  waiting  for  the  computer  to  stop  in  manual,  then 
then  pushing  START,  or  by  branching  to  the  first  instruction  of 
the  program.  The  typewriter  will  be  activated,  and  the 
operator  may  type  in  any  suitable  modifier,  in  floating  point 
format.  The  RELEASE  and  START  keys  are  then  depressed, 
and  the  program  will  continue,  using  the  modified  matrix  for 
the  determinant  calculation  only.  This  procedure  may  be 
repeated  as  many  times  as  necessary.  The  final  answer  must 
be  corrected  to  take  the  modifier  into  account. 

Switch  1  may  now  be  turned  ON  or  OFF,  If  it  is  ON,  the 
modifier  will  remain  unchanged.  If  it  is  OFF,  the  entire 
program  will  return  to  its  initial  condition,  and  a  new 
modifier  may  be  inserted.  The  modifier  routine  may  be 
bypassed  at  any  time,  without  altering  the  modifier,  by 
turning  Switch  3  OFF,  as  long  as  Switch  1  is  ON. 

5.  Load  data. 

6.  Push  START, 


Output,  Output  is  by  cards.  The  identification  card  is  punched 


first,  then  the  determinant.  If  the  equations  have  been  solved,  suitable 
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headings  are  punched,  then  the  joint  number,  5,  a  and  j3  for  each 
joint.  The  output  from  the  data  of  Table  A.  3  is  given  in  Table  A.  4. 
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V.  SOURCE  PROGRAM  NO.  1 


dimension  PDEA0(35) » DELTA ( 11 ) » FK2B ( 1 0 ) » FEM ( 1 0 ) 

27  PRINT  201 
PRINT  202 
PRINT  20A 

201  FORMAT  (35HSWITCH  1  ON  TO  CONTINUE  DATA  INPUT,) 

202  FORMAT  (30HOFF  AFTER  LAST  DATA  CARD  READ.) 

204  FORMAT ( 1 IHPUSH  START.) 

PAUSE 

READ  798,  NM 
798  FORMAT  (13) 

DO  800  1=1, NM 
800  READ  700, J,PDEAD{ J) 

700  format  ( I3,1X,F10.2) 

5  READ  711 
711  F0RMAT(72H 

1  ) 

PUNCH  711 

READ  109,E,G,NJ,A,B 

109  FORMAT  (F10.0,2X,F10,0,2X, I3,2X,F5.1 ,2X,F5. 1 ) 

PUNCH  110,E,G,NM,NJ,A,B 

110  FORMAT  (F10.0,2X,F10.0,2X, I4,2X, I3,2X,F5.1,2X,F5.1 ) 

1  =  1 

24  READ  111, J,PLIVE,FL, FI ,R, THETA 

111  FORMAT  ( I3,1X,F10.2,1X,F10.2,1X,F10.2,1X,F10.2,1X,F10,4) 
P=PL IVE+PDEAD( J ) 

2  IF  (P)  6»15,11 

6  P  =  -P 

PHI  =  FL*SQRTF ( P/F/FI ) 

P=-P 

IF  (PHI-. 2)  87,87,88 

87  ZETA  =  (120.-6.*PHI**2)/(120.-20.*PHI**2+PHI**4) 

PSI  =  ( 120. -12. *PHI**2 )/( 1 20.-20. *PHI**2+PHI**4 ) 

GO  TO  8Q 

88  ZETA  =  6.*( PHI /S INF ( PHI )-l . ) /PHI**2 

PSI  =  3.* ( l.-PHI*COSF(PHI ) /SINF( PHI ) ) /PHI**2 

89  C  =  ZFTA/2./PSI 
GO  TO  20 

11  PHI  =  FL*SQRTF(P/E/FI ) 

IF  (PHI-.2)  97,97,99 

97  ZETAH  =  ( 120.+6.*PHI**2 ) / ( 120.+20.*PHI**2+PHI**4) 

PSIH  =  ( 120.+1 2.*PHI**2 ) / ( 120.+20.*PHI**2+PHI**4) 

GO  TO  98 

99  SINH  =  (EXPF(PHI )-EXPF(-PHI ) ) /?. 

COSH  =  (EXPF(PHI )+FXPF(-PHI ) ) /2. 

ZETAH  =  6.*( I.-PHI/SINH) /PHI**2 
PSIH  =  ^.*(PHI*C0SH/SINH-1. ) /PHI**2 

98  CH  =  ZETAH/2./PSIH 
20  IF  (P)  21,21,22 

15  ZETA  =  1.0 
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PST  =  I.O 
C  =  .5 

21  PUNCH  n 5 ♦ J»PL IVF»FL > FI »C 

115  FORMAT  ( I3»1X,F10.2»]X9F10.2»1 X»F10.2»1X,E14.8 ) 
PUNCH  1 16»PSI ,2ETA»R»THETA 

116  FORMAT  (E14.8»1X»F14.8*1X,F10.2»1X,F10.4) 

GO  TO  23 

22  PUNCH  115,  J»PLIVE»FL,FI »CH 
PUNCH  1 16,PSIH»ZETAH,R,THFTA 

23  1=1+1 

IF  (I-NM)  24,24,32 
32  NN=NJ-] 

RFAO  702, ( DFLTA(M) ,M=2,NN) 

702  F0RMAT( F7,3,8F8.3) 

READ  703> ( FK2B(M) ,FEM(M) ,M=2,NN) 

703  FORMAT ( 4{ Fll . 1 ,F7,1 ) ) 

PUNCH  702, {DELTA(M) ,M=2,NN) 

PUNCH  703, (FK2B(M) ,FEM(M) ,M=2>NN) 

IF  (SENSE  SWITCH  1)  5,31 

31  PRINT  119 

119  FORMAT  (32HMAY  RESTART  PROGRAM,  PUSH  START,/) 
PAUSE 
GO  TO  27 

end 
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VI.  SOURCE  PROGRAM  NO.  2 


1  'S4 


program  no.  920101B-3 

SLOPE-DEFLf^fT  ION  ANALYSIS  OF  A  PONY-TRUSS. 

DIMENSION  A( 8  )  »H( 27, 2R )  ,NMEMB{ 35 )  » DELT A ( 11  )  ,  FK 2B ( 1 0 )  ,  FEM ( 1 0 ) 

INPUT  OF  DATA 

100  READ  71 1 
711  F0RMAT(72H 

1  ) 

PUNCH  711 

READ  700,F»G»NM,NJ,AF,P 

700  FORMAT ( FI  0.0 »2X» FI  0.0, 2X, I4,2X,I3,2X,F5.1,2X,F5.1  ) 

AA  =  AF 
BB  =  B 
AB=0.0 
BA=0.0 

DO  101  M=1,NM 
READ  701 ,J, ( A ( I , J ) , I =1 ,8 ) 

701  FORMAT (I3,3F11.2,E15.8/E14.8,E15.8,F11.2,F11.4) 

101  NMEMB(M)=J 
NN=NJ-1 

DELTA  (1)  =  0.0 
DELTA{NJ)=0.0 

102  READ  702, (DFLTA(M) ,M=2,NN) 

702  F0RMAT(F7.3,8F8.3) 

103  READ  703, (FK2B(M) ,FEM(M) ,M=2,NN) 

703  F0RMAT(4( F11.1,F7.1 ) ) 

END  OF  DATA  INPUT. 

DETECT  AND  ELIMINATE  MISSING  MEMBERS. 

MNM=4*NJ-8 
DO  104  J=1,MNM 
DO  105  M=l,NM 

I F  ( NMEMB (M)-J)  105,104,105 

105  CONTINUE 
A (  1  ,  J  )  =0. 0 
A  (  2 , J ) =1 . 0 
A  (  3 , J ) =0. 0 
A  (  4, J ) =0. 0 
A(  5,J) =0.0 
A( 6,J)=1.0 
A( 7,J)=0.0 
A( 8,J)=0.0 

104  CONTINUE 

C  COMPUTE  and  punch  NUMBER  OF  ROWS  IN  MATRIX. 

NR=3*( NJ-2 ) 

NC=NR+1 
PUNCH  705, NR 
705  FORMAT! 15) 

C  THE  SLOPE-DEFLECTION  COEFFICIENTS  ARE  COMPUTED  AND  PUNCHED. 

DO  121  1=1,27 
DO  121  J=1,28 


m  A  'SO  ■  ^'ley  JAWA  '  KO I  T>3  J  '=?30'^3C|0 


M23*  1 0  (  ft ):AT y  8M3HM » f  «&♦  YS  (  df ♦  81  A’"' W)1 3M$Ml<3 

'f'  - ata<1  3:0'*Tq<^Mi 

ir'Sfe' '  .'  GABfl  001 

%•  '»'J| '(i  ‘ ;  'H St  >  lAmon n  I T 

^  “/i"  '  ji>:'  '♦  I  ' 

xrt‘'HDwy<3i 


.  w.-  ii 


'(  r  .Elf  xir  f  I  tXs^AI  •XS,0*qj:3»XStO?6fiJTAMSo3  oot 

3A»AA.-^ 

vMj.. 


^♦3A«t!W'*,WM«t)«3*0qt  GAaX? 


K  -fit;:' 


■l<t- 


ma«Q8^ 
o,;.O*O«0A 

^n||BWfc^  .  ii’%'0-*.Gi»Aa 

,  „  „ ..  ^'MiiipwriMi  i^Mw^iBN  '  xQr  pa  o 

^  o&id  *'  ,  (arfsTj.  (t*I lAfttMOT  aA3W 
(^•  rx3,  s.  r  f3f  a,  5i3»8.AI3\o»eX3«S*xnC«enTAMJ?p3  iGt 

ibx 

X-LHa(1M 

»'V"'  0':o»(tM:)ATJ3a  :/|4: 
.  s  (M)ATJga)^SOt  aA35?  sox 

“  “  Ce•838•e*r3)TA^^H03  SOr 


ita 


St  fH 

rm*S»Mt  (MXM33,  (M>as>J3?«F0rS'OA3«  £01 
‘'y.;;  '''^<  a.t3«  1*1X3 )^k)Tam«03  pot 

‘  •TUQWl  ATA0fr30iaM3 
.e5535M3r3«».G*^iaeiM  3TAH1HXJ3  QUA  103130 

^01 00^: 

j  ?oi  oa  ,.« 

?oxtACx .eoi4a'^<M)aMiMHj  .3T  -m 
\^m  ;V‘  I  ■*  “  f  3UMITM0P  POX 

■—■  0.0«ML»X),A 

V- -  3.i>«  I T HOD  ^ AO X 


"  '0  *,0*XO«8  ) 


ii^^aSX'  .ill  .  “<#>,irfAifc  iivi'iii<i>W*i'i^t 


155 


121  H{  I  ,J) =0.0 
IXZ  =  l 
NM1  =1 
N=2 
JJ  =  1 
NP1  =  3 
JV  =  NJ 

JDR=2*NJ-2 
M=0 
JQ=NM1 
GO  TO  106 

108  FKNM=FK 
FK1NM=FK1 

109  JQ=N 

GO  TO  106 

110  FKN=FK 
FK1N=FK1 
JQ  =  JV 

GO  TO  106 

111  FKV=FK 
FK1V=FK1 
JQ=JDR 

GO  TO  106 

112  FKOR=FK 
FKinR=FKl 
JDL=JnR-l 

115  IF  (N-2)  113*116»113 

113  JO=JDL 

1  06  FK  =  E*A{ 3» JQ)*12.*A( 5»JQ)/{ A( 2» JQ)*(  { 4 . *A ( 5 » JQ ) **2 ) "A ( 6» JQ)**2)  ) 
FK1= ( 1 .+A { 4» JO) ) *FK 
M=M+1 

GO  TO  { 108>110>111 »112»114) »M 

116  FKDL=0.0 
FK1DL=0.0 
RDL=0.0 
PDL=0,0 
GO  TO  117 

114  FKr)L  =  FK 
FK10L=FK1 
RDL=A( 7»JDL) 

PDL=A( 1 »JDL) 

117  RR=FK2B(N) /FKV 
SDR=SINF( A(8»JDR) ) 

CDR=COSF( A( 8* JDR ) ) 

SDL=SINF( A( 8» JOL) ) 

CDL=COSF( A( 8» JDL) ) 

SNM1=SINF( A( 8»NMl ) ) 
rNMl=COSF ( A( 8»NM1 ) ) 

164  SN=SINF(A( B»N) ) 

CN=COSF(A( 8»N) ) 

S1XX={ 1 .-( A(4*JV)**2/(1.+RR) ) )*FKV 
S1XZ=(1 .-( A(4*JV)/(1.+RR) ) )*( FK1V/A{ 2 » JV) ) 
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SI YY=A( 7, JV) 

TS  =  A( 1 ♦ JV) /A ( 2  * JV) 

S]ZZ=(2.-(0.+A(4»JV ))/(!. +RR)))*(FKiV/{A(2»JV)**2))+TS 
S2XX=:FKnR*SnR**2+A  ( -7»  JOR  )  *rnR*->(-2  +  FKnL*SnL^^*2  +  RnL*cnL**2 
S2XY= (  ( FKDR-A ( 7» JnR )  ) *SOR*CnR  )-(  ( FKDL-RDL ) *SDL*CnL ) 

S2XZ=(  (FKlDR/A(2»Jr)R)  )*SDR)  +  (  (  FK 1  OL  /  A  (  2  »  JHL  )  )*SnL) 

S2YY  =  FKnR*CnR**2  +  A  (  7  »  JOR  )  *SnR*-x-2  +  FKnL*C  nL**2+RnL*SDL**2 
S2YZ=( ( FKinR/A( 2»JDR ) )*CDR)-( ( FK 1 DL/ A ( 2 » JOL ) )*CDL) 

TS= ( 2.*FK1DL/ ( A ( 2 » JDL)**2 ) ) + ( PDL / A ( 2 » JOL ) ) 

S2ZZ=(2.*FKlDR/(A(2>JnR )**2 )  )  +  ( A ( 1 > JDR ) / A ( 2  » JOR )  )+TS 
SX=-(FFM(N)*A(A»JV)/(1.+RR) ) 

SZ=- ( FFM( N ) /A( 2  » JV)*{ 1 .+A ( 4» JV)  ) / ( 1 .+RR )  ) 

All =- (  ( FKlNM/A ( 2  »NMl  )  )*SNMl ) 

A21=FK1NM/A(2*NM1 )*CNMl 
IF  (A(1»NM1))  500,501,501 

500  PNMl=-{ A( 1 *NMl ) ) 

GO  TO  502 

501  PNM1=A ( I ,NM1 ) 

502  IF  (A{1,N))  503,504,504 

503  PN=-( A( 1 ,N) ) 

GO  TO  505 

504  PN=A(1,N) 

505  IF  (N-2)  119*120, 119 

119  A12=A(4»NM1) *FKNM*SNM1**2-A ( 7,NMl )*CNM1**2 
A1 3=- ( ( A { 4*NMl ) *FKNM+A ( TsNMl ) )*SNM] *cNMl ) 

A23  =  A(4*NM1  )*FKNM*rNMl**2-A(  7,NMl  )*SNM,1**2 
A3 1=PMM1 / A ( 2 »MM1 ) -2 . *FK1NM/ ( A ( 2 » NMI )**2) 

A32=-A11 

A33=-A21 

120  A17  =  F!<1N/A(  2»N)*SN 
FK  =  I ,-AA*A( 4>NM1  ) 

FJ=1 .-AB*A ( 4»N ) 

A14=FK*(-A11 )-FJ*A17+SlXZ+S2XZ 
FK1=1.-AA*A{4,NM1 )**2 
FJ1=1.-AB*A(4,N)**2 
RR=1.-BB 
RS=1 .-BA 

TS=RS*A (7,N)*CN**2+S1XX+S2XX 

A1 5=FKl*FKNM*SNMl**2+RR*A ( 7,NMl ) *CNMl **2+F Jl*FKN*SN**2+TS 
TS=S2XY 

A16= ( RR*A ( 7*NMi )-FKi*FKNM )*SNMi*cNMi+( RS*A( 7,N ) -FJ1*FKN ) *SN^CN+TS 
A27=-( ( FK1N/A( 2 »N ) )*CN) 

A24=S2YZ-A21*FK-A27*FJ 
TS=A( 7»N) *RS*SN**2+S1YY+S2YY 

A2  6  =  FKNM*FK1*CNMi**2  +  A  (  7,NMl  )  *RR*SNMl**2  +  FKN*FJl*CN*-«-2  +  TS 
TS=SIZZ+S2ZZ-PN/A( 2*N)+(2.-AB*( 1.+A(4»N) ) ) *FKiN/A ( 2 »N ) **2 
A3  4=  (  2.~AA*  (  1  .^-A  (  4»NMi  )  )  )  *FKlNM/A  (  2  >  NMl  )**2-PNMl/A  (  2  »  NMl  )+TS 
IF  (NN-N)  300,301,300 
3  00  A.  1  3  =  A  (  4  »N  )  *fKN*SN**2-A  (  7  ,  N  )  *CN-^*2 
A19  =  -(  (A{4»N)*FKN+A(7,N)  )-5^SN*CN) 

A29=A(4»N)*fKN*CN**2-A( 7>N)*SN**2 
A3  7  =  PN/A(2»N)-(  (2.*FK1N)/(A{2»N)**2)  ) 
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A38=-A17 

A39=-A27 

301  TS=(nELTA(N)-nELTA(NMl ) ) *( T •-AA*A ( 4*NMl ) ) *EK 1 NM*SNM l / A ( 2 » NM 1 ) 

TS= ( DELTA ( NPl ) -delta (N) ) * ( 1 . - AP*A ( 4 » N ) ) *EKlN*SN/A ( 2 »N ) +TS 
H(IXZ,NC)  =  DELTA(N)*(S1XZ+S2XZ)-SX+TS 

TS=(DFLTA(NM1 )-DELTa(N) )*( 1 •-AA*A ( 4»NMl ) ) *EK1 NM*CNMi /A ( 2 »NMl ) 
TS=TS-( delta (NPI )-DELTA(N) ) * ( 1 . -AB*A ( 4 » N ) ) *EKl N*CN/ A ( 2 ♦ N ) 
H(IXZ+1,NC)  =  TS+DELTA(N)*S2YZ 

TS={ 2.-AA*( 1 .+A(4*NM1 ) )  )*(DELTA( N) -delta (NMi ) ) *FKlNM/A ( 2 »NMl  )**2 
TS=TS-(2.-AB*( 1.+A(4»N) ) )*( DELTA (NPl )-DELTA{N) ) *FKiN/A ( 2 »N ) **2 
H(IXZ+2»NC)  =  TS+DELTA(N)*(S1ZZ+S2ZZ )-SZ 

124  J=JJ 
1=  IXZ 

IF  (N-2)  122>123*122 

122  H(  I  »J)=A11 
J=  J  +  1 

H( I » J) =A12 
J=  J+1 

H( I » J) =A13 
J=J+1 

123  H( I »J)=A14 
J=J  +  1 

H( I *J)=A15 
J=  J+1 

H( I ♦J)=A16 

IF  (NN-N)  125»126»125 

125  J=J+1 

H( I ,J)=A17 
J=  J+1 

H( I »J)=A18 
J=  J  +  1 

H( I » J ) =A19 

126  I=IXZ+1 
J  =  JJ 

IF  (N-2)  127»128»127 

127  H( I » J) =A21 
J=  J+1 

H( I » J) =A13 
J  =  J+1 

H( I » J) =A23 
J=  J  +  1 

128  H( I , J)=A24 
J  =  J+1 

H(  I  »J)=A16 
J=  J+1 

H( I » J) =A26 
IF(NN-N)  129»130,129 

129  J=J+1 

H( I » J) =A27 
J  =  J  +  1 

H(  I  » J) =A19 
J=  J  +  1 
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H(  I  * J ) =A29 

130  I=IXZ+2 
J  =  JJ 

IF  (N-2)  131,132»131 

131  H(  I  » J ) =A31 
J=  J+1 

H( I » J) =A32 
J=  J+1 

H( I , J ) =A33 
J=  J  +  1 

132  HI  I  ,  J) =A34 
J  =  J  +  1 

H(  I  ,J)=A14 
J=  J+1 

HI  I » J ) =A2  4 

IF  INN-N)  133,153,133 

133  J=J+1 

HI  I , J) =A37 
J=  J  +  1 

HI  I , J) =A38 
J=  J+1 

HI  I ,J)=A39 

134  N=N+1 

IF  IN-NN)  135,303,153 
303  AB=AF 
BA  =  B 

135  JJ=3*N-8 
IXZ=IXZ+3 
M=1 

NM1=NM1+1 

NP1=NP1+1 

JV=JV+1 

JDR=JDR+2 

FKNM=FKN 

FK1NM=FK1N 

AA=0,0 

BB=0.0 

GO  TO  109 

153  PUNCH  704,  I  I H I  I , J ) , J= 1 , Nc ) , I  =  1 , NR ) 

704  FORMATIF15.8,3E19.8) 

IF  ISFNSE  SWITCH  1)  100,200 
C  CONSOLE  program  SWITCH  1  ON  TO  INPUT  MORE  DATA 

200  PRINT  714 

714  FORMAT  1 22HTO  RE-RUN,  PUSH  START.) 

PAUSE 
GO  TO  100 
END 
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VII.  SOURCE  PROGRAM  NO.  3 


program  number  020101C-1.  THIS  PROGRAM  IS  TO  BE  USED  WITH 
PROGRAM  NUMBER  92010] B-3.  THE  MATRICES  PUNCHED  BY  THAT  PROGRAM 
ARE  USED  DIRECTLY  AS  INPUT  FOR  THIS  PROGRAM.  THIS  PROGRAM 
COMPUTES  THE  DETERMINANT  OE  THE  COEFFICIENTS  OF  A  SET  OF 
SIMULTANEOUS  EQUATIONS  AND,  IF  DESIRED,  ALSO  SOLVES  THE  EQUATIONS. 
DIMENSION  A(27»28)>H(27»28)»L(27) 

198  JKL=0 

199  READ  711 

711  FORMAT (72H 
1  ) 

PUNCH  711 
PUNCH  712 

712  FORMAT(5H  ) 

READ  70‘S,N 

705  FORMAT (15) 

JQ=N+1 

READ  704 > ( (A( I ,J) ,J=1,JQ) ,I=1,N) 

704  E0RMAT(E15.8»3E19.8) 

DO  200  1=1, N 
DO  200  J=1,JQ 

200  H(  I  »J)=A(  I »J) 

IF  (SENSE  SWITCH  3)  1,201 

1  IE  (JKL)  201,5»201 
5  PRINT  713 

713  FORMAT ( 55HTYPE  SUITABLE  MOD  I F I ER ( FORMAT  F5.0),  RELEASE  AND  START.) 
ACCEPT  706»EMOD 

706  EORMA.T(E5.0) 

2  DO  33  I=1»N 
DO  33  J=1,JQ 

33  A(  I  ,J) =A{  I  ,J)*EM0D 
197  JKL=1 

C  DETERMINANT  CALCULATOR  SUBROUTINE 

201  K=N 
I  =  N 
J=N 
M=N 

202  IE  (A(M,M))  200,203,209 

203  1=1-1 

204  IE  (I)  207»205,20v 

205  D=0.0 

GO  TO  224 

207  IE  (A(I»J))  208>203»208 

208  A( K,J)=A( I ♦J)+A(K,J) 

210  J=J-1 

211  IE  (J)  208»219»208 

209  1=1-1 

212  IE  (I)  213»228»213 

213  J=M 

IE  (A(I,J))  2 14 » 209, 21 4 
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214  C  =  A(  I  »J)/A(K» J) 

2]^  A {  I  » J ) =A (  I  > J )-C*A ( Kt J ) 

216  J=J-1 

217  IF  (J)  21 6 » 200, 215 
228  IF  (M-1)  218»220,218 

218  M=M-1 

210  i=M 
J=M 
K  =  M 

GO  TO  202 

220  D=A(M»M) 

221  M=M+1 

222  D=A(M,M)*D 

223  IF  (M-N)  221»224»221 

224  PUNCH  709*0 

700  format ( 14H0ETFRMINANT  =  1PE14,7//) 

CONSOLE  program  SWITCH  2  ON  TO  COMPUTE  DETERMINANT  AND  DISPLACEMEN 
console  program  switch  2  OFE  TO  COMPUTE  ONLY  DETERMINANT 
JORDANS  METHOD  OF  SOLVING  SIMULTANEOUS  EQUATIONS 
IF  (SENSE  SWITCH  2)  142*206 

142  DO  166  I=1*N 
DO  166  J=1*JQ 

166  A( I  * J) =H( I  * J) 

143  M=N+1 

303  DO  315  K=1*N 
L( K)=K 

IF  (A(K*K))  311*304*311 
C  SEARCH  FOR  NON-ZERO  A(I*K) 

304  I=K+1 

305  IE  (N-1)  306*307*307 

306  PRINT  715 

715  F0RMAT(45HMATRIX  SINGULAR  -  ENTER  NEW  DATA*  PUSH  START.) 

PAUSE 
GO  TO  199 

307  IF  {A(I*K))  309*308*309 

308  1=1+1 

GO  TO  305 

C  CHANGE  ROWS  I  AND  K 

309  DO  310  J=1*M 
TS  =  A( I  * J) 

A (  I  *J) =A( K*J) 

310  A( K*J)=TS 
L( K)=I 

C  PERFORM  ONE  PIVOTAL  OPERATION 

311  PP=1.0/A(K*K) 

A( K*K)=1.0 

DO  312  J=1*M 

312  A( K*J)=PP*A(K*J) 

DO  315  I=1*N 

IF  (K-I)  313*315*313 

313  B=A( I *K) 

A(  I  *K) =0.0E-49 
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00  314  J=1 *M 

314  A( I »J)=A( I ♦J)-B*A(K,J) 

315  CONTINUF 

C  REARRANGE  MATRIX 

K=N 

DO  318  IA=1»N 
IE  (L(K)-K)  316*^18»316 
C  CHANGE  COLUMNS  L(K)  AND  K 

316  I=L{K) 

no  317  J=1>N 
TS  =  A( J*  I  ) 

A( J» I )=A( J»K) 

317  A<  J*K) =TS 

318  K=K-1 

C  PRINT  JOINT  number*  DELTA*  ALPHA*  AND  BETA. 

NJ=N/3+l 
1  =  1 
I  I  =2 
I  I  1=3 
PUNCH  707 

707  FORMAT! 7X5HJOINT,6X5HDELTA»10X5HALPHA*15X4HBETA/7X6HNUMBER// ) 
DO  321  IA=2*NJ 

PAR=A( I *M) 

DO  802  K=l*4 
INTEG  =  PAR 
FL0=INTEG 

802  PAR=(PAR-FLO)*10. 

IF  (A{I*M))  806*805*805 

805  IF  (PAR-5.)  804*803*803 

806  IF  (PAR+5.)  807*807*804 

B03  A(I*M)=A(I  *M)-PAR*10.-k-*(-4)+10.**(-3  ) 

GO  TO  804 

807  A( I*M)=A(I*M)-PAR*10.**(-4)-10.**(~3) 

804  PUNCH  708  * IA*A(  I *M) *A( I  I *M) ,A(  II  I ♦M) 

708  FORMAT! 9XI2*F12.3*1PE19.7*E20.7) 

1=1  +  3 

11=11+3 
321  III=III+3 

206  IF  (SENSE  SWITCH  1)  199*400 
400  PRINT  714 

714  F0RMAT!22HT0  RE-RUN,  PUSH  START.) 

PAUSE 
GO  TO  198 

end 
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TABLE  A.  1  -  INPUT  DATA  FOR  PROGRAM  NO.  1 


]  7 


1 

-18.886 

2 

-25.864 

3 

-28.480 

4 

-28.480 

5 

-25.864 

6 

-18.886 

7 

2.933 

8 

-2.344 

9 

1.293 

10 

-2.344 

11 

2.933 

12 

12.875 

14 

3.214 

15 

-1.561 

16 

-1 .561 

17 

3.214 

19 

12.875 

SAMPLE  DATA  -  SOUTH  TRUSS, 

OCTOBER  LOAD  DISTRIBUTION,  30  TONS. 

30000. 

12000. 

7  1.0 

0.0 

1 

-25.83 

196.50 

18.95 

20.60 

.6190 

2 

-42.08 

160.00 

18.95 

25.40 

.0000 

3 

-47.67 

160.00 

18.95 

25.40 

.0000 

4 

-47.67 

160.00 

18.95 

25.40 

.0000 

5 

-42.08 

160.00 

18.95 

25.40 

.0000 

6 

-25.83 

196.50 

18.95 

20.60 

-.6190 

7 

.00 

125.00 

60.60 

35.90 

1 .5708 

8 

-3.98 

125.00 

60.60 

35.90 

1.5708 

9 

4.46 

125.00 

60.60 

35.90 

1 .5708 

10 

-3.98 

125.00 

60.60 

35.90 

1 .5708 

11 

.00 

125.00 

60.60 

35.90 

1.5708 

12 

25.83 

196.50 

4.23 

5.65 

.6190 

14 

6.83 

196.50 

.90 

3.13 

.6190 

15 

-3.83 

196.50 

.85 

2.83 

.6190 

16 

-3.83 

196.50 

.85 

2.83 

,6190 

17 

6.83 

196.50 

.90 

3.13 

.6190 

19 

25.83 

196.50 

4.23 

5.65 

.6190 

-.06  -.73 

-.1  1 

-.21 

66 

1 26229, 

0.0  12622‘:>.  421. 

126229. 

594.  126229 

12622^L  0.0 
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TABLE  A.  2  -  OUTPUT  OF  PROGRAM  NO.  1 


sample  data  -  SOUTH  TRUSS,  OCTOppR  LOAD  DISTRIBUTION,  sn  TONS. 


30000. 

12000.  17 

7  1.0  0.0 

1 

-25.83 

196.50 

18.95  . 590201 12E+00 

. 12867035F+0I 

.15188277E+01 

20.60  .6190 

2 

-42.08 

160.00 

18.95  .59099478E+00 

. 12897332E+01 

. 15244512E+01 

25.40  0.0000 

3 

-47.67 

160.00 

18.95  . 60435946E+n0 

. 13424503E+01 

. 16226451E+01 

25.40  0.0000 

4 

-47.67 

160.00 

18.95  .60435946E+00 

. 13424503E+01 

.16226451E+01 

25.40  0.0000 

5 

-42.08 

160.00 

18.95  . 59099478E+00 

. 12897332E+01 

.15244512E+01 

25.40  0.0000 

6 

-25.83 

196.50 

18.95  .59020112E+00 

. 12867035E+01 

.15188277F+01 

20.60  -.6190 

7 

0.00 

125.00 

60.60  .4OO37136E+00 

.99832131E+00 

.99706617E+00 

35.90  1.5708 

8 

-3.98 

125.00 

60.60  .50135565E+00 

. 10036464E+01 

.10063676E+01 

35.90  1.5708 

9 

4.46 

125.00 

60.60  .49877643E+00 

.99671192E+00 

.99427284E+00 

35.90  1.5708 

10 

-3.98 

125.00 

60.60  . 50135565E+00 

. 10036464E+01 

.10063676E+01 

35.90  1.5708 

11 

0.00 

125.00 

60.60  .49937136E+00 

.99832131E+00 

.Q9706617E+00 

35. PO  1.5708 

12 

25.83 

196.50 

4.23  .31893855E+00 

.62128349E+00 

.39630253E+n0 

5.65  .6190 

14 

6.83 

196.50 

.90  . 296593Q7E+00 

.58351596E+00 

.34613464E+00 

3.13  .6190 

15 

-3.83 

196.50 

.85  .85230095E+00 

.39583601E+01 

.67474282E+01 

2.83  .6190 

16 

-3.83 

196.50 

.85  . 85230095E+00 

.39583601E+01 

.67474282E+01 

2.83  .6190 

17 

6.83 

196.50 

.90  .29659397E+00 

.58351596E+00 

.34613464E+00 

3.13  .6190 

19 

25.83 

196.50 

4.23  .31893855E+00 

.62128349E+00 

. 39630253F+00 

5.65  .6190 

-.060 

-.730 

-.110  -.2K 

)  -.660 

126229.0 

0.0  126229.0 

421.0  126229.0  594.0  12622^’’ 

126229.0  0.0 


421.0 
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TABi.E  A.  3  -  OUTPUT  OF  PROGRAM  NO.  2 
sample  data  -  SOUTH  TRUSS,  OCTOBER  LOAH  0 T STR I  BUT  I  ON ,  Bn  TONS. 


1 

.621 75B87E+03 
-.2'^40onnnE+^2 
•  oooooonnF-oo 
.  ooooooooF-ns 
.  1  1731337E  +  03 
OOOOOOOnE-99 
.  OOOOOOOOE-99 
.OOOOOOOOE-99 
.  10257643E  +  02 
-.OOOOOOOOE-99 
• OOOOOOOOE-99 
.OQOOOOOOE-99 
-.OOOOOOOOE-99 
.  53784326E  +  05 
OOOOOOOOE-c)9 
.OOOOOOO^E-99 
.  12629408E  +  03 
.36455565E+03 
.75600799E+04 
•OOOOOOOOE-99 
-. 13156760E+01 
.59025372E+03 
.  12543326E+03 
.OOOOOOOOE-99 
. OOOOOOooE-99 
-.2S400000E+02 
.OOOOOOOOE-09 
. OOOOOOOOE-99 
.OOOOOOOOE-99 
-•OOOOOOOOE-99 
.25533232E+05 
.OOOOOOOOE-99 
. OOOOOOOOE-99 
. OOOOOOOOE-99 
. OOOOOOOOE-99 
.OOOOOOOOE-99 
.OOOOOOOOE-99 
• O^OOOOOOE-99 
-.OOOOOOOOF-99 
.OOOOOOOOE-99 
.OOOOOOOOE-99 
. OOOOOOOOE-99 
. 75600799E+04 
-. 12629408E+03 
.OOOOOOOOE-99 
.OOOOOOOOE-99 
-. 12543326E+03 
-. 13156760E+01 
, oonoo  OOOE-9Q 


.571 241 67E+05 
-.o.'^onooooF-^^ 
,  ooooo^ooE-^^<^ 

.  OOOOOoooE-99 
-. 15400826E+04 
.75061 614E+04 
.OOOOOOOOE-99 
.OOOOOOOOE-99 
.62175387E+03 
. 12629408E+03 
.OOOOOOOOE-99 
.OOOOOOOOE-99 
8S400000E+02 
.36455565E+03 
.  OOOOO^'^OE-99 
.  OOOOOOOOE-99 
-.OOOOOOOOE-99 
.25760895E+05 
.OOOOOOOOE-99 
.OOOOOOOOE-99 
.OOOOOOOOE-99 
.33018300E4-01 
.OOOOOOOOE-99 
•  OOOOOOOOF-99 
.00^'7OOO0E-9O 
-. OOOOOOOOE-99 
. OOOOOnnoE-90 
.OOOOOooOE-99 
.OOOOOOOOE-99 
.75600799E+04 
12543326E+03 
.OOOOOOOOE-99 
.OOOOOOOOE-99 
-. 12543326E+03 
-. 12699783E+01 
.OOOOOOOOE-99 
. onooo^ooE-99 
, OOOOOOOOE-99 
.59025372E+03 
-.25400000E+02 
. 009O0^O0E-99 
.OOOOOOOOE-99 
-.33018300E+01 
-.OOOOOOOOE-99 
. OOOOOOOOE-99 
.OOOOOOOOE-99 
. 11160542E+02 
-.OOOOO^OOE-99 
.  OOOO'^'^oOE-99 


-. 1 54O0826E+04 
,nonooooOE-70 

,nr-'iooooorE-9*^ 

, ooooononE-99 
. 1 9522989E+05 
, OOOOOOOOE-99 
. OOOOOOOOE-99 
.OOOOOOOOE-99 
.  1  1731337E  +  03 
.OOOOOOOOE-99 
,O0no0000E-99 
.00000009E-99 
-.OOOOOOOOE-99 
.OOOOOOOOE-99 
. oooOOOOOE-99 
, OOOOOOOOE-99 
.75061614E+04 
-. 12543326E+03 
.OOOOOOOOE-99 
.OOOOOOOOE-99 
-.12629408E+03 
-. 12699783E+01 
.OOOOOOOOE-99 
.OOnoOOOOE-99 

•  0  000090'^E-^o 
.59256844E+03 

-,2540ooooF+o2 

.OOOOOOOOE-99 

.OOOOOOOnE-90 

•  OOOOOOOOE-90 
-.OOOOOOOOE-99 

.OOOOOOOOE-99 
.OOOOOOOOE-99 
.11138937E+02 
-.OOOOOOOOE-99 
.OOOOOOOOE-99 
.  OOOO0007E-99 
-,  ooonooonE-99 
.53784326E+05 
-.OOOOOOOOE-99 

•  ooOOOO^f^E-99 
.  l,2543326E  +  03 

-.  36455565E  +  03 
.75061614E+04 
.  OOOOOOOOE-90 

-.  12699783E  +  01 
.59025372E+03 
.  I2629408E  +  03 
.ooooonnoE-'^O 


, ooooonooE-99 

, oonoooooE-99 

• oooooonoE-99 
-. 37305231F+02 
-.  1.2629408E  +  03 
. oooonoooE-99 
. ooooooooE-99 
. 85155873E+02 
-.  13156760E  +  01 
, OOOOOOOOE-99 
• OOOOOOOOE-99 

•  5  1  330780E+00 
.59n25372E+03 

-. 25400000E+02 
.  n'>oo^oooE-99 
- • 36438no2E+03 
. 33018300E+01 
-. OOOOOOOOE-99 
. OOOOOOOOE-99 
.38096687E+01 
.  11160542E  +  02 
-. OOOOOOOOE-99 
. noooooooE-99 
-.66962415E+01 
- . ooonooooE-99 
. 539^O843E+05 
-.oonr>AnooE-9*^ 
. 28392180E+02 
.  12543326E+03 
.  O'^OOOOOOE-99 
. 756OO799E+04 
-.65225299E+02 
-. 12699783E+01 
. 59256844E+03 
.  12543326E  +  03 
.24324772E+01 
, ooonnnnnE-99 
- • 254onoooE+o2 
-. 36455565E+03 
57448090E+O2 
• OOOnooOoE-99 
- . onOOOOOOE-99 
. 25760895E+05 
. 70249819E+02 
. OOOOOOOOE-99 
. OOOOOnooE-99 
-. 33018300E+01 
• 34613340E+0O 

•  i^ooOoonoE-9^ 


S  SO..'TU«lT  uq  . 


\rrfvn,<sr) 

sr.r»rsri;^,^} 

v,?^  r  /n.^‘ 

vrrO^nno’J'' 


E^ 


f'4i* 


^Kj 


,v,,^‘-  i?o-»‘3T;d,x4S  X  re, 

<»^-3nr‘r>rvO'0^0* 
P«’-?lOO0f>OOnoV 
oC»-300C00000.  p 
^  ^()+3dSB00Aet .-  ® 

f<?-;:3O0O00600 


Ei 


'tw 


►<*!prv‘!^ri\ 


'COOOO.- 


o^xy ,  , 
no.Of^Pv  -  - 
'000 
S«^PAd,-  o 


1 


9P:*-'30-On.f>b'^-OY). 
e'j^*^:3T^?-rer'£  i, 

,<?9.'^3'l0Anof>00* 

'^e-3rvbd^fJ••^oa.- 

<^9r36'ib^!P^oooof)';^^ 

A'0'^3AX.j5fd6''’T, 

ebi^3s£<?e4vesx.- 

e<r'--f|pbobooo* 

EL^<?-'3&obbOOOO# 

eMs^b^^sdsx,- 

«='e--|b6x^b'f>o<'0.  ^ 


':Ii 


"^9-300000000. 
eo+3T8€eTXSd. 
f:o+380m3Si.' 
99-3onoOOOOO. 
,^9P-30000000oV,: 
^0+300o00A?s;^ 
P0+3ed?5«4df  2‘!5 


r  99-3nroob6oo.‘i 


5*' 


fO-An  AA .  -^  ' '  :9b.-^'3A^bbJC  O'p' 'O''; 

'irtO'.OAP  .  EB  ^ 


/)An/\f)  ^  - 

>■ 

A^obo,.  ' '‘' 
Aod'e-v  >, 
ess^8^- 

d;!3?i95.^ 
'^Af.S.j:-^ 


p'9.- :3  b  bbbb'O  0  b 

00  tf' 

,  9f^<^|ob000b9'0'*'” 
'  obbo.obO'O 

la  <^«^^WoOOO0b. 


m 


00# A  ^  9 


WiPvAt  aA  > 


■ijivf:;-- 

s^bbbb'' 

m  ■ 


iiii0;«c 

AajaATa  * 

•'i/ra3 

aeuBT'^HTUoa  -  atao  3j«»i 

,  A£ 

f0+3^8cefrsa 
s;'-f3ooooo^«s 
09-300000000 
99-300000000 
£0f3Te^xeTrr 
''e9-3COf,0)OCt3O'. 
99-300000000( 
99-300000000, 
S0>3B9dT5^0i; 
99r300COOOOO, 
99-300000000, 
99-300000000. 

99--j6oooocoo, 
eo+3oseAovc5; 

99-9bOOOOOdOi 
99-300bCO,000< 
C0+380A9SdSX. 
Bo+aadeeaAdei 
A0+399t00aeT. 
99-300000000. 
XO+30dTd?XeX. 
B04-3Sr£eS095, 
eo-^3dseeAesx. 
«,99-3oooooaoo. 
^W-3CObOOOOO^ 

‘  ■«  « V' Vff  w  w  SO+BOOOOQA-^S  • 

. ^,9-3on>j?f000D .  jjP_ ^  99-3OG0'0bOO0.* 
*99-3oroonOOO.  ^  *^99-300000000  • 
99-300000000^  "  99-3000000bOt 

A0+399t00a2T.  99-3000000004 

€0;^3as€KA'5sx.^/^  ec+3sesera8s\ 

99-BOOOOOOOO.  '’^99-300000000. 
99 -3 0 00 0 00 00  »  55'  ^  9 0^30 00  0  0 00 0  . 

eO+3dSe£AeSX.^.^^  99-300000000. 
i.G+3|^BT99dtI’,. 99-300000000  . 
99-300000000^ .  99-300000000. 

99-300900000.  ^’P*^99-300000000ji 
99 - 3 00 000000  0  Op  0  000  p ,» 

f^l®W“Bbob  00000^ 
,50-<*3 0 0 00,0:90  S  99-30 0 0 0 0000  . 

.^99-3Oobbofvo.0  ;99r300000000  i ^ 

^^90-3009  0  00  PO.  99-3000  0 O'OO  0  . 

-f'  I -0  >  3  0  0  ?  p  £  0t«  A 0 +3 9 9T,O'0d0  f  . 

99-300000000:*-''' £04-3i'09V4i.St .  ^ 

.<^9-3000000004  99-300000000. 

9t~3OOOOOO0&.„M^  99r3OOOOO00O . 

s^O'«^3s;A^o0Xx|%^Svf  i^“»^Sy^^9esx  .■ 

f^o-^ioaTdexcx 


99-3000000^0# 

99-300000000. 
P0+3e980dT?S. 
99-300000000.  t* 
99-300000000.,  to 
,99-300000000." 

■'<  ro^-BooeBroee.  >t 
99-300000000. 


Eiff 


99-300000000.  ■' 


99-300AAn(AQO^^ 

99-300pOOO^p.“ 


_ 

•  f  9 


#9-300000000; 

,b'4;  ':i(»  '  '«• 


■'jX,  f 
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TABLE  A,  3  (continued) 


.OOOOOOOOE-99 
.  OOOOOOOOE-99 
.62175387E+03 

•  OOOrinoonE~99 

. OOOOOOOOE-QQ 

•00000000E-9Q 

11731337E+03 

.0000000^E-9Q 

•  onononooE-99 
.  OOOOOOOOE-99 
. 10257644E+02 


.OOOOOOOOE-90 
-.OOOOOOOOE-Q9 
.57124166E+05 
.  onnno^OOE-99 
.  00000900E-99 
.126294n8E+03 
.  15400826E  +  04 
,  ooonoonoE-9Q 
• OOOOOOooE-99 
13156760E  +  01 
.62175387E+03 


.oooooonoE“99 
2'='4noO0OE  +  02 
. 15400826E+04 
.  oonooOO'^E-99 
,  onnoooooE-99 
noooonooE-99 
.  1Q522989E-I-05 
,  OOOOAOnoE-99 
, nnooooonE-OO 
. onnonoooE-99 
1 1731337E+03 


.  oonnno9oE-99 
- .  oonorinooE~99 
-.41035754E+03 
,n^OOoonnE-99 
,nrinnonnnE-99 
. 75061 61 4F+04 
»  5n905068E+02 
„ noooonnnE— 00 
#OO0On.  nooE-99 
12629408E+03 
66988605E+01 


TABLE  A.  4  -  OUTPUT  OF  PROGRAM  NO.  3 
SAMPLE  DATA  -  SOUTH  TRUSS,  OCTOBER  LOAD  DISTRIBUTION,  30  TONS. 
determinant  =  2.6673449E+47 


JOINT 

NUMBER 

delta 

ALPHA 

BETA 

2 

-.019 

-4.2752626E-04 

6.0999643E-04 

3 

-.437 

-1 .9953873E-03 

2.6128725E-03 

4 

.  566 

-5.6886206E-03 

9.9489657E-04 

5 

.237 

-3.6964109E-03 

~3.4083734E-03 

6 

-.761 

1.  1568272E-03 

-2.2793351E-03 
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50+38C^<?S8Sr,  «*^-300bOOdOO, 
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APPENDIX  B 

LABORATORY  INVESTIGATION  OF  A  SINGLE  CHANNEL 

FLEXURAL  MEMBER 

In  order  to  correctly  evaluate  the  bending  moments  in  the 
vertical  members  of  the  truss,  it  appeared  from  the  1959  data  that 
some  study  should  be  made  of  the  placement  of  the  strain  gauges  on  a 
channel  cross-section.  The  results  of  this  investigation  are  presented 
below. 


Analysis.  There  are  four  possible  sources  of  longitudinal 
strain  in  a  rolled  section:  direct  stress,  flexure  about  two  mutually 
perpendicular  axes,  and  torsion.  The  first  three  of  these  are 
straightforward;  however,  some  comment  on  torsion  would  seem 
desirable. 

As  an  I-shaped  or  channel  section  twists,  the  flanges  act  in 
the  manner  of  small  beams,  bending  about  an  axis  perpendicular  to  the 
face  of  the  flange.  The  ensuing  longitudinal  strains  are  distributed 
as  shown  in  Figure  B.  L‘\ 

Considering  now  a  channel  section  under  the  action  of  all  four 
types  of  loading,  the  strains  are  as  shown  in  Figure  B.2,  tension 

^'^It  is  recognized  that  the  strain  at  the  heel  of  the  channel  is 
not  identical  to  that  at  the  toe.  The  results  of  the  present  investigation 
indicate,  however,  that  no  significant  error  is  introduced  by  this 
approximation. 
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Figure  B. 1 

positive.  From  Figure  B.  2,  it  is  evident  that  there  exist  four  unknown 
strains,  suggesting  that  only  four  gauges  might  be  required  to 


flexure  about 
x-axis 


y-axis 


direct 
str es  s 


Figure  B, 2 


eliminate  unwanted  effects.  Suppose,  therefore,  that  strains  are 
measured  at  the  points  shown  in  Figure  B,  3.  Designating  the  total 
longitudinal  strains  at  these  points  by  the  circled  numerals,  and  refer¬ 
ring  to  Figure  B.2,  four  simultaneous  equations  may  be  set  up; 

(l)  =  a  +  bx  -  0.195  by  +  t 

(D  =  a  +  bx  +  by  -  t 
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(3)  =  a  ~  bx  "  0,195  by  -  t 

=  a  "  bx  “1  by  +  t 
whence  the  required  bending  strain, 

(  ®  +  ©  )  -  ( (D  +  @ ) 

bx=  - - 

having  due  regard  for  the  algebraic  sign  of  the  measured  strains. 


Specimen,  A  six-inch  standard  channel  weighing  10.  5  pounds 
per  foot  was  prepared  as  shown  in  Figure  B.4,  Baldwin  SR-4  strain 
gauges  were  applied  at  two  different  stations  and  arranged  on  the 
cross-section  as  indicated. 


Procedure,  Two  series  of  tests  were  carried  out,  one  with 
the  load  applied  on  the  flange  one-half  inch  from  the  back  of  the  channel 
and  the  other  with  the  load  applied  one-and  one-half  inches  from  the 
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back  of  the  channel.  Two  tests  were  carried  out  in  the  first  series, 
and  one  in  the  second. 

The  specimen  was  supported  as  a  cantilever  by  clamping  one 
end  in  the  mechanical  testing  machine  at  the  University  of  Alberta, 
Load  was  then  applied  by  means  of  weights  hung  on  the  free  end  of  the 
beam.  Strains  were  recorded  after  each  increment  of  loading. 

Results,  The  experimental  bending  strains,  computed  as 
previously  derived,  are  shown  in  Figure  B,  5,  with  the  strains  found 
by  the  simple  flexure  formula  indicated  by  the  solid  lines.  From  this 
diagram  it  may  be  seen  that  the  maximum  error  in  the  bending  strain 
is  approximately  six  per  cent.  A  change  in  the  eccentricity  of  the  load 
appears  to  have  made  a  slight  difference,  suggesting  that  the  effects  of 
torsional  strains  have  not  been  entirely  eliminated.  This  is  to  be 
expected,  because,  as  explained  in  the  footnote  on  page  166,  the 
torsional  strain  distribution  shown  in  Figure  B.  2  is  somewhat  in 
error.  It  was  felt  that  the  method  outlined  above  for  the  reduction  of 
strain  readings  gave  results  of  such  accuracy  that  a  more  involved 


analysis  was  not  warranted. 
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LOAD  -  POUNDS 


FIGURE  B.5  -  STRAINS  DUE  TO  BENDING  ABOUT  THE 
MAJOR  AXIS  OF  A  SINGLE  CHANNEL  MEMBER 


